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The  optical  properties  of  the  high-temperature  superconductors  are  extremely 
unusual.  We  have  extensively  studied  superconducting  high-quality  single  crystals 
of  YBa2Cu307_5,  Bi2Sr2CaCu208,  and  La2Cu04+^.  All  these  materials  have  Cu02 
planes  as  the  entities  responsible  for  the  metallic  behavior  and  superconductivity. 
Polarized  optical  reflectance  measurements  were  taken  both  above  and  below  the 
superconducting  state  on  a  wide  frequency  range. 

All  these  materials  display  interesting  anisotropy  in  their  optical  properties.  In 
particular,  optical  investigations  of  the  oxygen-doped  I^CuO,^  reveal  the  out-of- 
plane  (c  axis)  spectrum  of  this  material  is  typical  of  an  insulator  with  the  optical 
conductivity  dominated  by  optical  phonons.  In  contrast,  the  a6-plane  optical  spec- 
trum is  characterized  by  a  metallic  conductivity  in  the  far  infrared.  We  also  find 
evidence  of  electron-phonon  interaction  that  is  enhanced  when  the  afr-plane  optical 
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response  is  measured  on  the  face  of  the  crystal  that  has  the  c  axis  parallel  to  the 
propagation  vector  of  the  light. 

The  normal-state  infrared  conductivity  of  the  Cu02  planes  shows  a  strong, 
nearly  temperature-independent,  broad  band  in  the  midinfrared  in  addition  to  a 
strong  temperature-dependent  narrow  Drude-like  band  in  the  far  infrared.  There 
is  also  anisotropy  in  the  infrared  conductivities  between  the  a  and  b  axes  of  both 
YBaoCusOy-j  and  I^Si^CaCmOs.  In  the  case  of  YBaoCuaOy-^,  the  strong 
anisotropy  can  be  mostly  attributed  to  the  presence  of  CuO  chains  along  the  b  axis. 

One  striking  result  is  that  in  spite  of  the  fact  that  BioS^CaCuoOs  does  not  have 
the  CuO  chains,  we  observed  anisotropy  between  the  a  and  b  axes  infrared  conduc- 
tivity of  this  compound  as  well.  The  presence  of  this  anisotropy  even  in  the  super- 
conducting state  suggests  two  possibilities.  One  possibility  could  be  an  anisotropic 
superconducting  order  parameter.  A  second  explanation  is  that  the  overall  conduc- 
tivity is  composed  of  a  simple  Drude  term  combined  with  a  more  broad  midinfrared 
component.  The  observed  higher  absorption  in  the  low-frequency  region  along  the 
b  axis  could  be  explained  by  an  anisotropic  second  midinfrared  component  in  the 
optical  conductivity. 
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CHAPTER  I 
INTRODUCTION 

The  discovery  of  superconductivity  in  the  copper  oxides  by  Bednorz  and  Miiller 
in  1986  has  revolutionized  the  field  of  condensed  matter  physics.  The  importance  of 
this  remarkable  discovery  can  not  be  overstated.  On  the  one  hand,  it  offers  promising 
technological  applications  for  materials  that  lose  their  resistance  to  the  flow  of  electri- 
cal current  above  liquid  nitrogen  temperatures.  On  the  other  hand,  many  experiments 
have  provided  ample  evidence  of  the  exciting  new  phenomena  present  in  these  mate- 
rials. Early  measurements  were  designed  to  learn  if  the  superconducting  properties 
of  these  materials  could  be  explained  in  the  context  of  the  Bardeen-Cooper-Schrieffer 
(DCS)  theory  for  conventional  superconductors.  Some  of  those  initial  results  sup- 
ported a  BCS-like  theory.  Among  these,  flux  quantization3  and  the  AC  Josephson 
effect4  show  that  the  elementary  charge  in  the  superconducting  state  is  2e  rather  than 
e.  In  addition,  photoemission5-7  and  tunneling8,9  experiments  suggest  the  presence 
of  a  superconducting  energy  gap.  At  the  same  time,  there  has  been  an  accumu- 
lation of  evidence  for  an  unconventional  nature  of  the  high-Tc  materials.  Some  of 
the  most  important  results  that  have  emerged  are  high  superconducting  transition 
temperature,1'10'11  linear  dc  resistivity  in  the  normal  state,12'13  and  extremely  small 
coherence  lengths.  '  Perhaps  the  second  most  striking  property  in  these  materials, 
beside  their  high-Tc  value,  is  the  anisotropy  in  their  physical  properties.16-21 

As  soon  as  these  materials  were  discovered,  there  began  an  intense  effort  to  study 
their  optical  properties.""""'1  Soon,  it  was  realized  that  the  strong  anisotropy  that 
is  observed  in  the  electrical  properties  is  continued  in  the  infrared  where  the  optical 
properties  are  also  very  anisotropic.  The  study  of  this  anisotropy  by  optical 


means  has  provided  some  important  results  but  at  the  same  time  has  raised  some 
unresolved  questions.  As  it  is  well  known,  superconductivity  in  these  materials  is 
associated  with  the  quasi-two  dimensional  CuC>2  planes.  Most  optical  studies  related 
to  the  anisotropy  in  these  materials  have  concentrated  in  the  anisotropy  between  the 
directions  perpendicular  to  (c  axis)  and  parallel  to  the  Cu02  planes.  Research  of  the 
anisotropy  within  the  C11O2  (ab)  planes  has  been  studied  to  a  lesser  degree.  In  view 
of  the  orthorhombic  distortion  that  exists  in  these  planes  there  are  two  important 
questions  that  must  be  addressed:  (1)  how  this  structural  anisotropy  affects  the 
anisotropy  of  the  2-d  electronic  structure  in  the  normal  state  and  (2)  what  if  any  is 
the  anisotropy  of  the  superconducting  order  parameter? 

Since  the  energy  gap  plays  a  central  role  in  the  BCS  theory,  substantial  efforts 
have  been  devoted  to  observing  this  gap  by  optical  methods.30,31  One  of  the  ad- 
vantage of  the  optical  methods  compared  to,  for  example,  tunneling  is  that  direct 
electrical  contact  to  the  sample  surface  is  not  necessary.  This  is  especially  important 
since  crystals  and  films  may  have  dead  layers  near  the  surface  that  make  it  nearly 
impossible  for  current  to  tunnel  between  an  electrode  and  the  superconductor.  In  an 
optical  experiment,  by  contrast,  the  probing  radiation  can  penetrate  a  few  thousand 
A  into  the  sample  so  the  presence  of  dead  layers  becomes  less  of  an  issue.  This  tech- 
nique, which  has  been  used  with  great  success  in  the  past  to  study  energy  gaps  in 
conventional  superconductors,  has  also  given  valuable  information  in  solids  about  lat- 
tice vibrations,  electron-phonon  coupling,  low-lying  excitations,  and  electronic  band 
structures.  In  the  context  of  the  BCS  theory,  the  presence  of  a  gap  means  that  for 
photon  energies  less  than  2 A,  the  bulk  properties  of  the  superconductor  at  T  <  Tc 
show  only  an  inductive  part,  with  the  real  or  absorptive  part  being  zero.  So,  in  order 
for  there  to  be  absorption  in  the  material,  the  photon  energy  must  be  larger  than 
2A.   Only  at  energies  above  2A,  it  is  possible  to  break  up  Cooper  pairs  to  produce 


quasiparticles  in  the  sample.    At  photon  energies  well  above  the  gap,  the  material 
behaves  as  if  it  was  in  the  normal  state. 

This  thesis  is  concerned  with  the  subject  of  anisotropy  in  the  optical  properties 
of  the  high-Tc  materials.  The  materials  investigated  are  single-domain  crystals  of 
YBa2Cu307_s  (Tc  =  90  K),  Bi2Sr2CaCu208  (Tc  =  85  K),  and  an  oxygen-doped  sin- 
gle crystal  of  La2Cu04-|_,$  (Tc  =  40K).  There  are  two  important  issues  that  will  be 
considered.  The  first  one  is  the  anisotropy  in  the  optical  properties  of  the  ab  plane 
vs.  the  c  axis.  A  large  surface  area  containing  the  c  axis  in  the  La2Cu04+5  sam- 
ple allowed  the  study  of  the  c-axis  polarization  as  well  as  the  a6-plane  response  in 
this  material.  This  also  allowed  us  to  examine  the  a6-plane  response  in  this  material 
when  the  propagation  vector  (q)  of  the  light  is  parallel  and  perpendicular  to  the  Cu02 
planes.  The  second  issue  is  the  anisotropy  in  the  optical  response  along  the  two  prin- 
cipal axes  in  the  ab  plane,  and  how  this  is  related  to  the  crystal  structure  anisotropy 
in  single-domain  crystals  of  Bi2Sr2CaCu20s  and  YBa2Cus07_5.  One  important  ob- 
servation is  the  presence  of  a  larger  absorption  in  the  superconducting-state  optical 
conductivity  along  the  b  axis  below  the  frequency  where  a  superconducting  energy  gap 
should  be  observed.  Explanation  for  this  larger  absorption  in  the  framework  of  the 
models  that  have  been  proposed  will  be  discussed  in  addition  to  its  possible  connec- 
tion with  the  symmetry  of  the  superconducting  order  parameter  in  the  copper-oxide 
superconductors. 

The  organization  of  this  thesis  is  as  follows.  Chapter  II  presents  a  review  of 
experimental  works  that  have  been  done  related  to  the  crystal  structure  and  opti- 
cal properties  of  the  high-Tc  superconductors.  A  brief  theoretical  background  for 
the  understanding  of  the  physical  properties  will  be  presented  in  Chapter  III.  A 
description  of  the  experimental  techniques  along  with  the  instrumentation  used  in 
this  investigation  will  be  done  in  Chapter  IV.  The  results  and  discussion  pertaining 


to  anisotropy  between  the  ai-plane  and  c-axis  optical  measurements  of  La2Cu04+5 
crystal  are  presented  in  Chapter  V.  The  presentation  of  results  and  discussion  related 
to  the  measurements  on  YBa2Cus07_{  and  F^S^CaCuoOs  single-domain  crystals, 
with  emphasis  of  the  anisotropy  within  the  ab  plane,  is  done  in  Chapters  VI  and 
VII  respectively.  Chapter  VIII  is  for  presentation  of  results  regarding  dc-transport 
measurements  of  the  resistivity  tensor  of  I^S^CaCuoOs  samples.  Finally,  Chapter 
IX  contains  concluding  remarks. 


CHAPTER  II 
REVIEW  OF  PREVIOUS  EXPERIMENTAL  WORK 

This  chapter  will  be  devoted  to  a  survey  of  previous  experimental  works  related 
to  the  physical  properties  of  the  copper-oxide  superconductors.  It  will  be  divided  in 
two  major  sections.  The  first  one  is  related  to  investigations  of  the  crystal  structures 
of  the  three  kind  of  materials  studied  in  this  study.  Information  about  the  lattice 
parameters  that  are  relevant  to  an  optical  experiment  will  be  given  here.  The  second 
major  section  is  a  brief  review  of  relevant  previous  work  of  the  optical  properties  in 
the  copper-oxide  superconductors. 

Crystal  Structure  of  Copper-Oxide  Materials 
Good  knowledge  of  the  crystallographic  structure  in  single-crystal  materials  is 
essential  to  the  understanding  of  the  optical  properties.  This  is  certainly  true  in  the 
case  of  the  copper-oxide  materials.  These  materials  are  considered  by  many  as  a  good 
example  of  a  2-dimensional  system.  The  reason  for  this  point  of  view  is  that  the  charge 
transport  and  superconductivity  occur  mainly  in  a  2-dimensional  arrangement  of 
copper  atoms  that  are  strongly  bonded  to  oxygen  atoms  with  an  interatomic  distance 
of  1.9  A.  This  distance  hardly  changes  from  structure  to  structure.  Above  and  below 
the  Cu02  layers,  there  are  other  layers  of  atoms  that  are  believed  to  provide  the 
carriers  necessary  for  conductance  in  these  planes,  as  well  as  to  provide  overall  charge 
neutrality.  The  identity  of  these  atoms  depends  on  the  system  under  study. 

LaoCuO^-)-^ 

The  first  superconducting  material  reported  by  Bednorz  and  Miiller  in  their  pi- 
oneering work1  had  composition  La-Ba-Cu-O.  Their  suggestion  that  this  system  has 


the  tetragonal  K2N1F4  structure  was  soon  corroborated  by  Takagi  et  a/.32  Further 
research  indicated  the  nearly  stoichiometric  La2Cu04  is  an  antiferromagnetic  insula- 
tor that  can  be  hole  doped  by  partially  substituting  the  lanthanum  site  with  some 
of  the  alkaline  earths  Ca,  Sr,  or  Ba  to  produce  superconducting  materials  with  Tc 
in  the  30—40  K  range.  Later,  it  was  also  realized  that  superconducting  samples  in 
this  system  can  be  obtained  by  producing  samples  where  the  oxygen  stoichiometry  is 
higher  than  four.33'34  Figure  1  shows  the  crystal  structure  of  the  undoped  La2Cu04 
compound.  In  this  nearly  stoichiometric  material,  the  oxidation  state  of  the  individ- 
ual species  is  La  +,  Cu"+,  and  0  in  order  to  have  charge  neutrality.  The  oxidation 
state  of  copper  leaves  this  atom  with  one  unpaired  electron  in  the  d-shell;  therefore, 
the  net  spin  at  the  copper  site  is  1/2. 


L^-^-H^ 


Fig.  1.  Crystal  structure  of  La2CuC*4  material  (  After  Ref.  33). 


Each  copper  atom  is  coordinated  to  four  oxygen  atoms  in  the  plane  (1.9  A). 
In  addition,  there  are  two  more  distant  apical  oxygens  above  and  below  the  copper 
(2.4  A).  Hence,  each  copper  atom  is  surrounded  by  an  octahedron  of  oxygens.  The 
larger  distance  for  the  out-of-plane  oxygens  suggests  that  the  dominant  bonds  are 


those  in  the  plane.  The  Cu  ion  and  its  octahedral  oxygen  configuration  would  imply 
a  tetragonal  74/mmm  space  group  in  the  structure.  However,  neutron  scattering 
data  for  this  compound  indicate  that  below  a  characteristic  temperature  there  is  a 
lowering  of  the  symmetry  due  to  a  slight  tilt  of  the  apical  oxygens  from  their  high 
symmetry  points.  This  tilting  produces  a  tetragonal  to  orthorhombic  transformation 
at  a  temperature  that  is  close  to  500  °C  for  the  nearly  stoichiometric  material  and 
decreases  with  increasing  doping,  reaching  240  K  at  a  Sr  concentration  of  around 
15%. 

As  mentioned  above,  superconductivity  in  this  material  can  be  achieved  by  inter- 
calating additional  oxygen  atoms  in  the  structure.  This  excess  oxygen  is  thought  to 
provide  hole  carriers  in  the  CuCK  planes.  The  first  report  on  the  structure  of  oxygen- 
enriched  samples  was  done  by  Chaillout  et  a/.35  They  reported  neutron  diffraction 
results  on  a  sample  that  had  3%  extra  oxygen.  First,  they  reported  that  at  this 
doping  level  the  material  will  phase  separate  into  a  superconducting  (oxygen-rich) 
phase  and  a  near  stoichiometric  region,  just  as  happens  in  I^NiCj-)..;.  Based  in  a 
two-phase  model,  the  conclusion  was  reached  that  the  superconducting  phase  has  the 
Bmab  space  group  from  the  observation  of  peaks  in  the  neutron  scattering  data  that 
are  forbidden  in  Fmmm  symmetry.  They  created  a  model  where  one  apical  oxygen 
is  replaced  by  two  oxygen  sites  that  form  a  peroxide  with  a  short  O  —  O  bond  distance 
of  1.64  A. 

Most  recently,  Radaelli  et  a/.37  pointed  out  the  need  to  perform  such  experiments 
on  samples  with  oxygen  concentration  well  beyond  the  phase  separation  regime.  They 
reported  neutron  diffraction  data  on  three  electrochemically-oxidized  samples:  two  ce- 
ramics (8  =  0.0S,  with  Tc  =  32  K,  and  8  =  0.12,  with  Tc  =  42  K)  and  one  single 
crystal  (8  =  0.10,  with  Tc  =  38  K).  Normal  and  superconducting  state  suscepti- 
bility measurements  indicated  the  absence  of  two-phase  material  in  these  samples. 


8 

After  a  carefully  analysis  of  the  neutron  scattering  data,  they  concluded  the  basic 
crystal  structure  of  all  samples  corresponds  to  the  Fmmm  symmetry.  This  was  ob- 
tained from  the  absence  of  small  diffraction  peaks  that  would  be  allowed  in  a  Bmab 
symmetry.  They  argued  the  Bmab  symmetry  would  be  frustrated  by  the  presence 
of  interstitial  oxygen  in  the  structure.  Following  up  on  their  conclusion,  they  car- 
ried out  a  refinement  of  the  structural  parameters  for  the  single-crystal  data  in  the 
Fmmm  space  group  symmetry.  In  the  analysis,  they  relaxed  the  apical  oxygen  po- 
sition slightly  from  the  high-symmetry  points  and  introduced  an  additional  oxygen 
site  located  nearby  and  adjacent  to  a  LaO  layer  (see  Fig.  2).  The  lattice  parameters 
obtained  from  analysis  of  the  neutron  scattering  data  on  the  single  crystal  at  18  K 
are  a  «  b   =  5.34  A  and  c  =  13.22  A. 


Fig.  2.  Model  for  the  crystal  structure  of  L^CuO^  (  After  Ref.  33). 


YBaoCu^Q7   s 

YBa2Cu307_6  was  the  first  copper-oxygen-based  material  that  showed  super- 
conductivity above  liquid  nitrogen  temperature.  This  discovery  triggered  a  lot  of 
research  to  determine  its  crystal  structure  after  its  announcement  in  19S7.  In  the  1-2-3 
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Fig.  3.  Phase  diagram  for  YBa2Cu3  07_£  as  a  function  oxygen  concentration. 
AF:  antiferromagnet,  SC:  superconductor  (after  Ref.  38). 


system,  the  parent  compound  YBa2Cu30e  crystallizes  in  tetragonal  form  at  high  tem- 
peratures, but  converts  by  oxygen  ordering  to  an  orthorhombic  form  (YBa2Cu3C"7_5) 
on  cooling  down  at  room  temperatures.  There  is  also  a  tetragonal  to  orthorhombic 
transition  driven  by  the  oxygen  content  in  the  material  at  xc  =  0.3,  which  also  deter- 
mines the  Tc  in  the  sample  as  shown  in  the  phase  diagram  of  Fig.  3.  Figure  4  shows 
the  essential  features  of  the  crystal  structure  of  the  orthorhombic  phase  that  have 
been  gathered  based  on  x-ray  and  neutron  diffraction  data.  In  this  material,  each 
copper  atom  in  the  plane  is  linked  to  four  oxygens  atoms  at  about  1.94  A,  and  a  fifth 
weakly  bonded  apical  oxygen  at  2.3  A  as  in  the  2-1-4  compounds.  This  arrangement 
of  the  oxygen  atoms  in  the  planes  gives  a  perovskite-like  structure  with  the  space 
group  Pmmm}2  There  are  two  Cu02  planes  per  unit  cell.  Unlike  the  tetragonal 
compound,  the  orthorhombic  phase  contains  an  additional  CuO  containing  layer  that 
consists  of  a  1-dimensional  network  of  CuO  chains  along  the  b  axis  in  the  unit  cell. 
Doping  of  carriers  in  the  C11O2  planes  is  controlled  by  the  amount  of  oxygen  vacan- 
cies along  the  chains  in  this  material  (it  is  widely  accepted  that  one  oxygen  atom 
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contributes  0.25  hole  per  copper  for  each  of  the  two  planes).  There  is  a  difference 
between  the  a-  and  6-axis  dimensions  in  the  order  of  2%,  with  the  b  axis  being  the 
larger  on  account  of  the  CuO  chains  present  along  this  direction.  The  unit  cell  has 
lattice  dimensions  of  a  =  3.82  A,  b  =  3.88  A,  and  c  =  11.65  A.  Effects  of  the  chains  on 
the  superconducting  properties  of  the  material  have  been  difficult  to  clarify  because 
the  as-grown  samples  are  usually  twinned  in  the  ab  plane  with  alternating  strip-like 
domains  of  a-  and  6-axis  oriented  material. 
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Fig.  4.  Crystal  structure  of  YBa2Cu307_^  material  (after  Ref.  39). 


Special  growing  techniques40  in  recent  years  have  provided  large  enough  single- 
domain  crystals,  that  have  made  possible  the  study  of  this  issue  in  more  detail. 
More  discussion  about  this  will  be  given  later  when  discussing  sample  preparation 
techniques. 

BioSr-^CaCuoOa 

The  discovery  of  20  K  superconductivity  in  B^Si^CuOc42  opened  up  the  race 
to  produce  higher  Tc  material  in  the  bismuth  based  superconductors.  Soon  after 
this,  superconductivity  above  80  K  was  reported  in  the  Bi-Sr-Ca-Cu-0  compound. 
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Fig.  5.  Crystallographic  structure  of  I^Si^CaCi^Os  sample  (after  Ref.  41). 


The  structure  of  this  material  was  quickly  identified  as  Bi2Sr2CaCu20s  or  "2-2-1- 
2»  43  rpjie  B}_kase{i  compounds  form  a  series  of  layered  material  where  the  C11O2 
planes  are  separated  by  alkaline-earth  cations  and  sheets  of  Bi202-  The  general 
formula  is  (BiO)2Sr2Ca„_iCu„02+2;i  where  n  is  the  number  of  consecutively  stacked 
C11O2  sheets.  It  is  found  that  Tc  increases  with  the  number  ??.,  reaching  a  maximum 
value  of  110  K  when  n  =  3  and  decreasing  again  as  n  increases  further.  Figure  5 
shows  the  ideal  crystal  structure  for  the  case  when  n  =  2.  In  this  structure  the 
CuO/Ca/CuO  layers  are  seen  to  be  separated  by  sheets  of  Bi202  and  SrO.  The 
crystal  lattice  parameters  of  the  orthorhombic  unit  cell  are  a  =  5.41  A,b  =  5.44  A, 
and  c  =  30.78  A.  In  spite  of  the  relatively  simple  arrangement  of  the  many  atoms,  a 
full  understanding  of  the  structure  is  complicated  because  of  deviation  from  the  ideal 
2212  cationic  stoichiomctry.   The  position  of  the  oxygen  atoms  in  the  Bi202  layers 
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is  not  well  defined;  cation  disorder  also  contributes  to  this  problem.  In  contrast 
to  the  Bi2C>2  disorder,  the  Cu02  sheets  appear  to  be  free  of  defects  as  determined 
from  x-ray  and  neutron  scattering  experiments.44  In  addition,  the  oxygen  content 
varies  for  any  fixed  cation  composition,  affecting  the  transition  temperature  in  the 
material.  In  general,  Tc  increases  as  oxygen  is  removed.  It  is  still  unclear  however 
how  doping  of  the  CuC>2  planes  occurs  in  this  structure.  It  is  generally  assumed  that 
doping  of  the  Cu02  planes  in  this  material  comes  from  excess  oxygen  in  the  BioCK 
planes.  X-ray45  and  neutron  scattering46  experiments  have  shown  the  existence  of 
a  superlattice  modulation  or  distortion  that  resides  mostly  on  the  Bi202  layers.  It 
is  incommensurate13'47'48  with  the  6-axis  unit  cell  parameter  given  above  (period  ~ 
4.76).  There  have  been  many  attempts  to  explain  this  superlattice  by  modeling  defects 
that  are  observed  in  the  structure  of  this  compound.41'48-51  In  one  of  those  models, 
the  superstructure  is  claimed48  to  be  the  result  of  the  addition  of  one  in  ten  oxygen 
atoms  in  the  Bi202  layers,  that  would  also  cause  a  displacement  of  the  surrounding 
atoms.  Final  verification  of  this  or  any  model  must  await  further  work. 

Review  of  Optical  Properties  Copper-Oxide  Materials 
This  section  is  be  devoted  to  a  review  of  the  work  related  to  the  status  of  the 
infrared  response  in  the  copper-oxide  superconductors.  Investigation  of  the  optical 
properties  in  these  materials  has  been  very  vigorous  since  their  discovery  in  1986."  ' 
In  spite  of  this,  understanding  of  the  infrared  properties  in  these  materials  remain  a 
controversial  issue.  As  mentioned  before,  the  feature  common  to  these  materials  is 
the  Cu02  plane  structure.  Since  the  optical  properties  of  these  materials  are  very 
different  for  directions  parallel  and  perpendicular  to  the  Cu02  planes  and  even  show 
substantial  anisotropy  within  these  planes,  the  availability  of  o6-plane  oriented  films 
and  high  quality  single  crystals  in  recent  years  have  made  possible  certain  advances  in 
the  field.  The  first  section  treats  the  subject  of  the  the  out-of-plane  optical  response 


13 

(c  axis)  mainly  on  La2-iSrxCu04  single  crystals.  The  second  section  will  touch  the 
subject  of  the  midinfrared  absorption  that  starts  off  as  soon  as  a  few  carriers  are 
introduced  in  the  CuCK  planes  of  these  materials.  In  the  third  section,  the  subject  of 
the  anisotropy  within  the  ab  plane  will  be  reviewed  in  the  context  of  the  work  done 
with  single-domain  crystals  of  YBa2Cu307_^  and  Bi2Sr2CaCu20s. 

c-Axis  Response 

As  a  result  of  the  layered  nature  of  the  materials,  the  in-plane  and  out-of-plane 
optical  properties  of  the  copper-oxide  superconductors  show  a  remarkable  anisotropy. 
This  became  evident  as  soon  as  the  first  polarized  studies  were  reported  on  single 
crystals  of  these  compounds.28'52-54  In  one  of  the  earlier  reports,54  the  reflectivity 
of  insulating  La2Cu04  and  of  8%  Sr-doped  samples  were  compared  for  polarizations 
parallel  and  perpendicular  to  the  CuC>2  planes.  The  results  showed  that  the  c-axis 
reflectance  in  both  cases  was  virtually  unchanged  suggesting  that  doping  did  not 
affect  the  c-axis  response  in  the  system.  The  spectra  were  typical  of  an  insulating 
material  with  phonon-like  structures  due  to  infrared-active  modes  (^2u  symmetry). 
In  contrast,  the  reflectance  parallel  to  the  ab  planes  showed  substantial  differences.  In 
the  undoped  sample,  the  reflectance  is  dominated  by  the  presence  of  infrared  allowed 
phonons  (Eu  symmetry)  with  the  reflectance  approaching  a  constant  value  at  low 
frequencies  indicative  of  insulating  behavior  in  the  Cu02  planes  as  well.  On  the 
other  hand,  the  doped  sample  showed  a  rising  reflectivity  at  low  frequencies  with  the 
phonons  visibility  greatly  reduced  due  to  screening  by  the  free  carriers  in  the  material. 
This  rising  reflectivity  implies  a  metallic  conductivity  in  the  Cu02  planes  of  this  doped 
material,  although  at  this  concentration  the  material  is  not  yet  superconducting.  It 
became  clear  from  this  study  that  the  anisotropy  between  the  a&-plane  and  the  c-axis 
optical  conductivity  of  doped  sample  would  make  very  difficult  to  interpret  the  results 
that  were  first  observed  in  unaligned  samples.55'56 
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A  more  systematic  study  of  the  c-axis  and  a6-plane  optical  response  as  function 
of  Sr  doping  in  La2_xSrICu04  was  done  by  Uchida  et  al.  Let  us  first  review  the 
c-axis  data.  Figure  6  displays  the  reflectivity  for  three  representative  doping  levels: 
undoped,  superconducting  (x  =  0.15),  and  the  overdoped  (x  =  0.34).  These  re- 
sults confirm  the  previous  observation  about  the  unchanged  character  of  the  c-axis 
reflectance  between  the  insulating  and  superconducting  phase.  The  electronic  back- 
ground appears  to  be  very  weak  from  the  almost  flat  slope  of  the  reflectance  in  the 
far  infrared.  The  spectrum  is  dominated  by  two  major  optical  phonons.  Only  in  the 
overdoped  nonsuperconducting  samples  do  there  appear  to  be  qualitative  changes  in 
the  reflectance.  In  this  case,  the  spectrum  appears  to  have  a  free  carrier  component, 
although  the  highest  phonon  is  not  completely  screened  out.  This  is  consistent  with 
an  observed  metallic  behavior  in  the  resistivity  as  a  function  of  temperature  in  the  c 
axis  at  this  concentration.  In  this  context,  the  authors  regard  the  overdoped  samples 
as  an  example  of  anisotropic  3-dimensional  metals. 


La2_xSrxCu04 
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Fig.  6.  c-axis  reflectance  of  La2-iSrxCu04  as  a  function  of  doping  (after  Ref. 
28). 
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This  semiconducting-like  behavior  for  the  c-axis  conductivity  has  also  been  doc- 
umented in  other  cuprate  such  as  YBa2Cu307_£  and  E^S^CaC^Os."5'29'57  In  the 
case  YBa2Cu307_£  the  results  show  some  variation  for  various  oxygen  concentrations. 
It  appears  that  samples  with  the  highest  oxygen  content  show  a  nearly  metallic  be- 
havior along  the  c  axis,25'29  signaling  that  coupling  between  the  Cu02  planes  of  this 
compound  is  somewhat  stronger.  The  temperature  dependence  of  the  c-axis  optical 
properties  has  also  been  investigated  in  superconducting  samples  of  La2_xSrxCu04 
compound.  The  results  of  the  reflectance  measured  at  several  temperatures  for 
three  doping  levels  are  shown  in  Fig.  7.  Above  Tc,  the  far-infrared  reflectance  is 
rather  featureless,  approaching  a  constant  value  at  low  frequencies  for  the  lowest 
doping,  while  it  shows  a  slight  negative  slope  for  higher  doping  indicative  of  some 
weak  dc  transport.  Below  Tc,  a  sharp  edge  develops  in  the  reflectance  that  signals 
the  onset  of  superconductivity.  In  the  analysis,  the  authors  find  that  this  edge  does 
not  scale  with  Tc  and  it  is  not  due  to  a  superconducting  gap  excitation,  but  rather  to  a 
plasma-edge-like  feature  associated  with  the  superconducting-state  carriers.  A  direct 
consequence  of  this  is  the  appearance  of  coherent  transport  of  charge  across  the  C11O2 
planes  below  Tc.  Similar  results  have  also  been  obtained  in  the  superconducting  state 
c-axis  response  of  YBa2Cu307_{  single  crystals.25'29 

Midinfrared  Absorption  in  the  CuQo  Planes 

The  optical  spectrum  of  undoped  parent  compounds  of  the  copper-oxide  supercon- 
ductors such  as  La2Cu04  and  Nd2Cu04  shows  that  these  materials  are  charge  transfer 
insulators,  with  a  band  gap  energy  in  the  range  1.7-2.0  eV  (14,000-16,000  cm-1),  de- 
pending on  the  material.  It  is  generally  accepted  that  this  energy  corresponds  to  tran- 
sitions in  the  Cu02  planes  between  occupied  0  2p  levels  and  the  lowest  unoccupied 
Cu  3d  orbitals.  Below  this  energy,  there  are  other  identifiable  electronics  features; 
lattice  vibrations  (phonons)  and  perhaps  weak  magnon  side  bands.60'61  As  soon  as  a 
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Fig.  7.  Temperature  dependence  in  c-axis  reflectance  of  La2_:cSrICu04  as  a 
function  of  doping  (after  Ref.  58). 


few  carriers  are  introduced  in  these  planes,  there  is  an  appearance  of  excitations  in  the 
midinfrared24  that  are  peaked  in  an  energy  range  from  0.1  eV  to  0.5  eV  (800—4000 
cm  )  depending  on  the  material  under  study.  These  new  excitations  are  thought 
to  be  the  result  of  photon  assisted  transition  of  bound  holes  (electrons)  from  their 
ground  state  to  excited  states  and  the  continuum.  Due  to  the  peak  energy  of  one 
of  these  midinfrared  modes  being  approximately  equal  to  the  antiferromagnetic  ex- 
change energy  J  (~  0.12eV),  this  band  has  been  attributable  to  a  magnetic  origin, 
i.e.,  the  hopping  of  a  charge  from  site  to  site  involving  the  flipping  of  the  nearby 
spins.  In  other  works,  these  excitations  have  been  related  to  the  polaronic  binding 
energy  of  an  impurity  to  the  lattice.63'6'1 

As  a  function  of  increased  doping  these  excitations  seem  to  grow  and  even- 
tually merge  with  or  get  washed  out  by  a  Drude-like  response  that  occurs  in 
metallic  samples.28'65  To  illustrate  this  effect,  Fig.  8  shows  the  evolution  in  the  optical 
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conductivity  in  La2_xSrxCu04  samples  as  a  function  of  Sr  concentration  by  Uchida 
et  al.28  Doping  of  the  Cu02  planes  in  this  system  can  be  achieved  by  partially  re- 
placing the  lanthanum  sites  La3+  by  strontium  Sr2+.  Depending  on  the  doping  level, 
the  properties  of  the  samples  change  from  insulating  (x  =  0),  to  superconducting 
(0.10  <  x  <  0.20),  to  nonsuperconducting  metallic  (x  >  0.20).  The  insulating  com- 
pound La2Cu04  shows  the  charge  transfer  (CT)  band  at  2eV  (16,000  cm-1)  and  no 
absorption  below  this  energy.  For  the  lightly  doped  (x  =  0.02)  sample,  there  is  clear 
evidence  of  the  maximum  that  develops  in  the  midinfrared  conductivity  at  0.5  eV, 
followed  by  a  reduction  of  the  spectral  weight  above  the  CT  band.  This  transfer  of 
spectral  weight  from  energies  above  the  CT  band  is  regarded  as  evidence  of  the  itin- 
erant nature  of  the  states  near  the  Fermi  surface  of  these  materials.  The  maximum 
appears  to  shift  to  lower  energies  as  a  function  of  doping.  For  x  =  0.10,  it  shows  up 
at  0.14  eV  (1100  cm-1);  while  for  x  =  0.15,  it  appears  as  a  shoulder  at  a  even  lower 
energy.  Other  materials  such  as  YBa9Cu307_g  and  Nd2Cu04  show  similar  evolution 
of  the  infrared  conductivity  as  doping  proceeds  in  these  systems.24 

Photoinduced  absorption,  a  technique  that  induces  doping  in  the  insulating  ma- 
terials by  shining  light  onto  them  to  excite  photo  carriers,  has  also  shown  the  pres- 
ence of  this  midinfrared  absorption  in  several  samples.  The  samples  studied  are 
La2_sSrsCu04  and  Nd2Cu04  by  Kim  et  a/.66,  and  in  La2Cu04,  YBa2Cu30e.25  and 
TkjBasCa^GdsCusOs  by  Foster  et  al61 

The  optimally-doped  samples  do  not  show  a  discernible  maximum  in  the  midin- 
frared. But  even  in  this  case,  the  conductivity  (a\(ui))  decays  more  slowly  than  the 
typical  Drude-type  dependence  cu~".  Evidence  for  this  non-Drude  response  in  o\{oj) 
has  been  provided  for  nearly  all  the  copper-oxide-based  superconductors. 23'24,65,68~70 
The  explanation  for  this  has  been  a  matter  of  heated  controversy  in  this  field.  There 
are  some  clear-cut  facts  about  the  unconventional  nature  of  this  absorption  that  show 
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Fig.    8.       Evolution   of   afr-plane   conductivity   as    a   function   of   doping   in 
La2_ISrICu04(aftcr  Ref.  28). 

up  in  optimally-doped  samples.  In  the  first  place,  there  is  a  region  (800—4000  cm-1) 
where  this  absorption  shows  very  little  temperature  dependence.  This  happens  at  the 
same  time  the  dc  conductivity  in  the  material  changes  by  a  factor  of  three  between 
300  and  100  K.  Clearly,  a  Drude  formula  with  a  single  relaxation  rate  for  the  charge 
carriers  will  not  account  for  such  a  behavior.  Secondly,  there  is  a  definite  temper- 
ature dependence  in  the  low  frequency  conductivity  that  is  in  good  agreement  with 
the  measured  dc  value.65-68-69-71'72 

The  two  most  commonly  mentioned  models  for  interpretation  of  this  midinfrared 
absorption  have  taken  two  rather  divergent  approaches.  In  one  approach,  there  is 
only  one  type  of  carrier  which  is  responsible  for  both  the  dc  transport  and  the  con- 
ductivity in  the  midinfrared.  The  reconciliation  between  the  T-dependent  dc  and  the 
nearly  T-independent  midinfrared  conductivity  is  throughout  a  frequency  dependent 
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scattering  rate  and  an  effective  mass  enhancement  at  low  frequencies.  These  carriers 
are  expected  to  form  a  superconducting  condensate  below  Tc. 

The  second  approach  is  called  the  two-component  model.  In  this  approach,  the 
infrared  conductivity  in  the  cuprate  is  the  result  of  two  types  of  charge  carriers.  The 
first  type  of  carriers,  which  are  considered  to  be  Drude-like  in  nature,  are  responsible 
for  the  dc  conductivity  in  the  normal  state  and  form  the  superfluid  density  below  Tc. 
The  second  component,  which  is  formed  by  bound  carriers,  has  a  semiconducting-like 
band  gap.  In  this  model,  the  Drude  component  is  expected  to  have  a  scattering  rate 
that  is  independent  in  frequency  and  linear  in  temperature.  More  discussion  about 
this  will  be  done  in  Chapter  III.  The  following  subsection  will  address  the  issue  of  the 
anisotropy  of  the  midinfrared  absorption  of  single-domain  crystals  of  YBaoCu307_5 
and  Bi2Sr2CaCu20g. 

Anisotropy  in  the  ab  Plane 

YBa?CuaO,    S 

YBa2Cu307_5  is  one  of  the  most  studied  high-Tc  systems.  At  the  same  time, 
most  of  the  optical  studies  in  this  material  have  been  done  on  samples  that  show 
severe  twinning  in  the  ab  plane.  Therefore,  these  measurements  only  show  an  average 
of  the  a6-plane  optical  properties.  Since  the  presence  of  the  CuO  chains  along  the  b 
axis  is  likely  to  provide  substantial  conductivity  in  the  midinfrared,  polarized  optical 
measurements  of  single-domain  crystals  have  become  highly  desirable.  Fortunately, 
recent  developments40''3  in  making  large  enough  twin-free  samples  have  made  possible 
optical  studies  along  the  two  principal  axes  in  the  ab  plane  of  this  material.26,31,74,75 
The  first  room  temperature  measurements  done  on  a  wide  frequency  scale  were  per- 
formed by  Koch  et  a/.74  The  samples  used  in  this  study  were  mechanically  detwinned 
single  crystals  with  a  transition  temperature  of  85  K.  The  reflectance  was  measured 
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for  linearly  polarized  light  parallel  and  perpendicular  to  the  chain  direction.  At  low 
frequencies,  the  reflectance  for  Ra  and  i?j  are  nearly  equal.  At  higher  frequencies,  Ra 
falls  off  faster  than  Ri,  reaching  the  plasmon  minimum  at  a  lower  frequency.  This 
plasma  edge  minimum,  which  signals  the  zero  crossing  of  e\(u),  occurs  at  1  eV  for  the 
a  axis,  while  it  is  at  1.5  eV  for  the  b  direction.  This  shows  a  splitting  of  the  plasma 
edge  minimum  observed  in  twinned  samples.65  At  approximately  3  eV,  Ra  =  Rj,  and 
for  higher  energies  Ra  >  i?j.  A  Kramers-Kronig  analysis  of  this  reflectance  reveals 
a  spectral  weight  in  the  midinfrared  that  is  roughly  a  factor  of  2  larger  along  the  b 
axis.  Koch  et  al.  interpret  the  a-axis  conductivity  as  intrinsic  to  the  Cu02  planes. 
To  obtain  the  chain  conductivity,  they  subtract  the  a-axis  conductivity  from  the  the 
total  6-axis  conductivity.  In  this  analysis,  the  chain  conductivity  is  then  modeled  by 
a  broad  Drude-like  peak  with  strongly  damped  carriers.  As  pointed  out  by  Koch  et 
al.  the  additive  nature  of  the  conductivities  is  violated  at  higher  frequencies  (w  >  2.0 
eV)  where  aa  >  07,. 

Cooper  et  al.'5  reported  optical  studies  on  single-domain  crystals  of 
YBa2Cu30c+i  as  a  function  of  oxygen  doping  x.  The  doping  levels  they  studied 
were  x  ~  1  (Tc  =  90  K),  x  ~  0.6  (Tc  =  66  K),  and  x  ~  0.1  (insulating).  The  spec- 
trum of  the  insulating  (x  ~  0.1)  phase  shows  the  charge  transfer  band  at  u  ~  2.0 
eV.  This  energy  has  been  associated  with  a  charge  transfer  across  the  0  2p  and  the 
Cu  3d  levels.28'76'77  Upon  doping,  the  strength  ofthis  charge  transfer  transition  di- 
minishes. The  reduction  is  accompany  by  an  enhancement  of  the  conductivity  in  the 
midinfrared  in  both  the  a  and  b  axes.  Moreover,  there  is  a  lifting  in  the  degeneracy 
of  the  peak  at  4.1  eV  that  is  present  in  the  tetragonal  insulating  phase.  The  peak 
becomes  weaker  and  is  blueshifted  in  the  a-axis  polarization  as  oxygen  doping  in  the 
sample  is  increased. 
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Schlesinger  et  a/.31  reported  the  temperature  dependence  in  the  a-  and  6-axis  re- 
flectance of  mechanically  detwinned  single-domain  crystals  (Tc  =  90  K).  The  normal 
state  data  show  qualitatively  similar  results  as  described  above  for  samples  of  similar 
Tc.  In  the  superconducting  state,  the  authors  reported  what  appears  to  be  100%  re- 
flectivity (within  0.5%  uncertainty)  for  the  a-axis  polarization  below  an  energy  of  500 
cm-1.  On  the  other  hand,  the  6-axis  reflectance  is  2—3%  lower  in  the  same  energy 
range.  This  apparent  threshold  in  the  a-axis  reflectance  is  interpreted  as  the  BCS 
superconducting  energy  gap  (2A  =  8fcgTc)  in  the  CuC>2  planes.  The  extra  absorp- 
tion observed  in  the  b  direction  is  argued  as  resulting  from  the  stronger  midinfrared 
absorption  due  to  the  presence  of  the  chain  excitations  in  this  direction.  The  doping 
dependence  of  this  threshold  in  the  a-axis  reflectance  has  also  been  investigated  by 
Rotter  et  al.  The  samples  investigated  are  oxygen  reduced  single-domain  crystals 
of  YBa2Cu307_,§  with  Tc  of  56,  82,  and  93  K.  The  results  show  the  structure  at  500 
cm-1  does  not  shift  neither  with  doping  nor  with  a  change  in  temperature  for  all 
three  doping  levels  studied. 

The  claim  that  this  energy  corresponds  to  a  superconducting  energy  gap  is  now 
considered  rather  questionable.  Most  recent  direct  absorption  (bolometric)  measure- 
ments by  Pham  et  a/.30  show  a  finite  an  fairly  large  conductivity  below  this  energy 
for  polarization  along  the  a-axis  direction  in  90-K  single-domain  crystals.  The  fact 
that  the  accuracy  in  these  measurements  is  rather  high  compared  to  typical  uncer- 
tainties in  reflectance  experiments  (0.02%  vs.  0.5%)  makes  the  results  for  the  a-axis 
conductivity  shown  in  Fig.  9  more  representative  of  the  real  situation.  Because  of 
their  short  coherence  length  (£  ~  10  A),  the  high-Tc  superconductors  are  considered 
type  II  material.  In  all  the  analyses  of  the  conductivity,68'71''2  the  mean  free  path 
(/)  obtained  from  the  scattering  rate  of  the  Drude  component  just  above  Tc  is  long 
compared  to  £  (£   <   /).     This  implies  the  materials  are  in  the  clean  limit  as  first 
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Fig.  9.  Superconducting  state  optical  conductivity  of  single  domain  of 
YBa2Cu307_,5  in  the  a  direction.  The  weak  peaks  are  calculated  phonon 
contributions.  No  evidence  of  a  superconducting  gap  is  seen  in  the  spec- 
trum (after  Ref.  30). 

pointed  out  by  Kamaras  et  al.G8  Since  the  width  of  the  free  carrier  band  is  smaller 
than  that  of  the  superconducting  gap,  observation  of  this  gap  by  optical  methods 
might  be  difficult  because  most  of  the  spectral  weight  of  the  free  carrier  part  has 
condensed  into  a  6-function  at  zero  frequency,  leaving  a  negligible  amount  of  weight 
for  transition  across  the  gap.  Notice  this  argument  agrees  with  a  superconducting 
gap  that  is  large  compared  to  the  scattering  rate  of  the  Drude  component.  There 
have  been  attempts79  to  produce  dirty  enough  samples,  but  still  superconducting, 
that  would  make  £  ~  /so  the  gap  might  be  observable  using  optical  methods.  So 
far,  these  experiments  have  not  been  successful. 


Bi?Sr?CaCu7iOs 

There  are  many  studies  concentrating  on  the  optical  properties  in  the 
Bi2Sr2CaCu2  08  compound.57'80"86  With  perhaps  a  few  exceptions  most  studies  have 
not  addressed  the  anisotropy  of  the  ab  plane  in  this  material.  Let  us  first  discuss  some 
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of  the  unpolarized  results.  Figure  10  displays  results  of  the  average  reflectance  in  the 
ab  plane  of  this  system  on  a  wide  frequency  range  for  three  samples  with  different 
doping  levels.  Similar  results  have  been  reported  by  other  groups.81-83  The  low  fre- 
quency reflectance  is  characterized  by  the  absence  of  strong  phonon  lines.  At  higher 
frequencies,  the  reflectance  falls  off  in  a  quasilinear  fashion  reaching  the  plasma  edge 
minimum  at  around  10,000  cm-1  (1.2  eV).  The  results  at  high  frequency  are  char- 
acterized by  a  couple  of  interband  transitions.  The  first  peak,  which  is  centered  at 
16,000  cm-  (2  eV),  is  attributed  to  the  charge  transfer  band  between  the  occupied 
0  2p  levels  and  the  lowest  unoccupied  Cu  3d  orbitals  in  the  Cu02  planes.  The  second 
interband  peak,  which  appears  at  30,000  cm-1  (3.8  eV),  is  found  to  show  some  sam- 
ple to  sample  variation  and  has  been  interpreted  as  an  interband  transition  occurring 
mostly  in  the  Bi202  layers.  As  mentioned  previously,  this  material  has  no  chains. 
In  spite  of  this,  there  is  an  orthorhombic  distortion  of  the  ab  plane  resulting  from 
an  incommensurate  superlattice  modulation  presents  along  the  b  axis  of  the  material. 
There  have  been  only  a  few  studies  reporting  on  the  anisotropy  of  the  afr-plane  optical 
properties  of  this  system.57'85'86  The  first  of  those  reports,  by  Kelly  et  a/.,85  consisted 
of  ellipsometric  measurements  that  showed  a  strong  anisotropy  in  the  near-infrared 
region  and  higher  frequencies.  In  particular,  the  peak  at  30,000  cm-1  (3.8  eV)  is 
found  to  be  sharper  and  stronger  along  the  modulation  direction. 

The  temperature  dependence  in  the  far-infrared  optical  conductivity  has  been  ob- 
tained from  a  Kramers-Kronig  analysis  of  the  unpolarized  reflectance84  and  transmit- 
tance87  studies  of  free  standing  single  crystals.  The  micaceous  nature  of  the  Bi-based 
material  has  made  possible  the  preparation  of  very  thin  flakes  (1000  A)  that  could  be 
used  for  transmittance  studies  without  having  to  worry  about  substrates.  The  results 
for  the  optical  conductivity,  obtained  from  Kramers-Kronig  analysis  of  the  transmit- 
tance, indicate  a  far-infrared  conductivity  that  follows  closely  the  T-dependence  of  the 
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Fig.  10.   Room  temperature  reflectance  of  F^S^CaC^Os  samples  with  dif- 
ferent oxygen  doping  (after  Ref.  80). 


dc  value.  At  the  same  time,  the  temperature  dependence  of  o-\(u)  is  less  pronounce 
in  the  midinfrared.88  This  is  consistent  with  the  non-Drude  behavior  observed  in  the 
infrared  properties  of  the  cuprate.  In  the  superconducting  state,  there  is  a  broad 
maximum  at  1000  cm-1  (0.15  eV)  followed  by  some  weak  phonon  structures  and 
a  notch-like  minimum  at  cj~400  cm-1.  In  addition,  transmittance  studies  showing 
afr-plane  anisotropy  in  the  midinfrared  region  were  reported  by  Romero  et  al.  The 
reported  anisotropy  is  quite  substantial  in  spite  of  the  fact  the  difference  in  the  a-  and 
t-axis  dimensions  of  the  pseudotetragonal  unit  cell  is  only  3%.  The  transmittance  in 
the  midinfrared  is  found  to  be  lower  for  the  b  direction  (more  absorbing)  than  the  a 


axis. 


CHAPTER  III 
THEORY 


Models  for  Carriers  in  the  CuO?  Planes:  Normal  State 

Superconductivity  in  the  copper-oxide  materials  arises  through  the  addition  of 
carriers  by  hole  or  electron  doping  the  nearly  square  CuC"2  planes.  The  normal-state 
properties  of  these  doped  planes  are  very  unusual,  and  so  far,  they  have  not  been 
fully  accounted  for.  The  property  that  is  most  frequently  mentioned  as  indicative  of 
unusual  normal-state  behavior  is  the  linear  temperature  dependence  of  the  resistivity 
p{T).  This  behavior  is  not  the  case  in,  for  example  a  Fermi  liquid  description,  where 
p  oc  T  is  what  is  expected  due  to  electron-electron  scattering.  Other  unusual  prop- 
erties are  a  temperature  dependent  Hall  coefficient,  proximity  of  superconductivity 
to  a  magnetic  phase,  and  a  very  short  coherence  length.  It  is  widely  believed  that 
understanding  of  the  normal-state  properties  will  eventually  provide  knowledge  of 
the  pairing  mechanism  in  the  cuprate.  Most  theoretical  models  for  the  normal-state 
properties  start  with  the  so-called  three-band  Hubbard  model.  Next  sections  discuss 
the  underlying  issues  of  this  and  other  models  and  the  implications  for  the  description 
of  electron  dynamics  in  the  2-dimensional  Cu02  planes. 

Three-Band  Hubbard  Model 

The  unusual  properties  of  the  copper-oxide  superconductors  prompted  the  need 
to  construct  a  Hamiltonian  that  properly  describes  the  motion  of  carriers  in  the  Cu02 
planes  of  these  materials.  People  working  in  the  field  soon  realized  that  electron  corre- 
lations were  essential  to  properly  describe  the  physics  of  the  high-Tc  superconductors. 
As  an  example,  let  us  start  with  the  insulating  La2Cu04.    Charge  counting  in  this 
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system  leaves  one  hole  (or  one  electron)  per  unit  cell.  If  one  neglects  interactions, 
this  material  would  be  expected  to  be  metallic  with  a  half-filled  conduction  band.  In 
reality,  this  material  is  an  antiferromagnetic  insulator.  Band  structure  calculations 
showed  the  available  states  for  this  hole  could  be  in  either  one  of  the  Cu  3d  or  0  2p 
(2px,  2py)  orbitals.  As  mentioned  before,  each  Cu  atom  in  the  structure  is  surrounded 
by  an  octahedron  of  six  0  atoms.  (This  number  changes  for  different  materials:  5 
for  YBa2Cu307_6  and  4  for  Nd2Cu04.)  This  configuration  removes  the  degeneracy 
between  the  3d  orbitals  of  the  Cu  atom.  It  turns  out  the  highest  energy  level  has 
mainly  a  3dx2_y2  character.  Therefore,  the  hole  would  reside  mostly  on  the  Cu  site, 
giving  this  atom  a  net  spin  of  1/2.  Hence,  the  material  can  be  best  described  by 
a  model  with  localized  spin- 1/2  states.  An  antiparallel  arrangement  of  these  spins 
would  seem  to  explain  both  the  insulating  and  antiferromagnetic  properties  of  the 
material  as  indeed  is  the  case.59  A  low-lying  optical  excitation  would  then  be  the 
transfer  of  one  hole  from  the  0  2p  level  to  the  upper  Hubbard  band  (Cu  3d).  The 
gap  for  this  excitation  is  denoted  by  A  in  Fig.  11.  This  has  been  corroborated  in 
optical  studies  of  La2Cu04  and  other  insulating  parent  compounds,  where  a  charge 
transfer  excitation  has  been  observed  in  the  optical  conductivity  that  is  peaked  at 
around  1.7-2.0  eV.28'77 

Then,  the  next  question  to  ask  is  how  to  construct  a  Hamiltonian  that  includes 
the  motion  of  additional  holes  introduced  by  doping?  An  answer  to  this  has  been 
provided  in  a  2-dimensional  tight-binding  model  by  Emery  et  a/.89,90  and  Varma  et 
a/.91  The  basic  feature  of  this  model  is  the  introduction  of  an  hybridization  parameter 
tpd  between  the  Cu  3d  and  0  2p  orbitals.  Other  parameters  that  are  included  to 
account  for  all  possible  interactions  are  site  energies  ej  and  ep,  Coulomb  energies  Uj, 
and  Up  between  two  holes  of  opposite  spins  on  the  same  Cu  and  0  sites  respectively, 
and  Vdp  is  the  interaction  term  between  holes  on  neighboring  Cu  and  0  sites.    The 
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Fig.  11.    Energetic  position  of  the  three  bands  in  the  three-band  Hubbard 
model. 


Hamiltonian  can  be  written  explicitly  as 


H=  -  tpdYj>](di  +  h.c.)  -  tpp  ^TPjiPj'  +  h-c-)  +  e<E  n<i  +  e?Enj 

The  first  term  is  the  hybridization  or  hopping  between  nearest  neighbors  on  Cu  and  0 
atoms.  The  pj  are  Fermionic  operators  that  destroy  holes  at  the  0  site  labeled  j ,  while 
the  di  correspond  to  annihilation  operators  at  the  Cu  site  i.  Also,  (i,j)  refers  to  pairs 
of  nearest  neighbors  on  i  (Cu)  and  j  (0)  sites.  A  term  for  direct  0  —  0  hopping  is  also 
included  for  completeness.  Notice  also  that  only  near-neighbor  interactions  are  taken 
into  account.  Interactions  at  larger  distances  are  thought  to  be  screened  by  a  finite 
density  of  electrons.  In  the  undoped  materials  and  for  ep  —  ej  >  0,  the  Hamiltonian 
in  Eq.  1  shows  there  will  be  one  hole  on  every  Cu  site  as  indeed  is  the  case.   In  the 
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limit  Uj,  >  ep  -  ed,  additional  holes  produced  by  doping  will  go  mostly  into  the  0 
2p  orbitals.  There  have  been  band  structure  calculations93  and  most  recently  cluster 
calculations94  that  have  placed  estimates  for  the  parameters  in  Eq.  1.  The  results 
are  ep  —  e<f  ~  3.6  eV,  Ud  =  S  -  11  eV,  Up  ~  4  eV;  the  remaining  terms  (tpd,  Upd,  and 
tpp)  are  all  in  the  range  1-2  eV.  It  is  clear  from  the  value  of  Ud  the  appropriate  limit 
for  the  physics  of  the  high  temperature  superconductors  is  the  intermediate  to  the 
strong  coupling  limit. 
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Fig.  12.  Simplified  picture  of  the  three-band  Hubbard  model  where  the  Cu 
3d  and  0  2p  levels  are  hybridized  to  form  the  lower  and  upper  Hubbard 
bands  (LHB  and  UHB  respectively). 


t  -  J  Model 

It  is  not  clear  that  a  model  as  complex  as  Eq.  1  is  necessary  to  describe  the  correct 
low-energy  physics  of  the  high-Tc  materials.  Early  on,  it  was  proposed  by  Anderson 


29 

that  the  correct  effective  theory  might  be  reduced  to  a  one-band  Hubbard  model.  In 
this  case  the  Hamiltonian  is  defined  as 

H  =  t  E  KA*  +  M  +  Uj2niAnJ,b  (2) 

(ij),o  i 

where  the  d^  are  fermionic  operators  that  create  holes  at  site  i  with  spin  a.  The 
hybridization  of  the  Cu  Zdxi_yi  and  O^p  orbitals  is  denoted  by  the  parameter  t. 
The  parameter  U  is  the  on-site  Coulomb  repulsion.  Figure  12  shows  a  schematic  in 
this  case  where  the  three  bands  of  the  three-band  Hubbard  model  are  combined  into 
two  bands  labeled  as  the  lower  Hubbard  band  (LHB)  and  the  upper  Hubbard  band 
(UHB). 

In  the  strong  coupling  limit  (U  ~^>  t),  the  previous  model  can  be  transformed 
into  the  so  called  t  —  J  model  that  was  first  derived  from  the  Hubbard  model  by 
canonical  transformations  by  Hirsch95  and  Gros  et  a/.96  In  the  context  of  the  high-Tc 
problem,  the  model  was  introduced  by  Anderson94  and  derived  by  Zhang  and  Rice97 
by  canonical  transformation  from  the  three-band  Hubbard  model.  In  essence,  this 
is  a  one-band  Hubbard  model,  where  the  state  of  the  doped  hole  is  only  represented 
by  the  spin  of  the  Cu  site  on  which  it  resides,  i.e.,  spin  up  or  down  if  there  is  no 
hole,  or  the  absence  of  spin  if  there  is  one  hole  at  any  particular  site.  Out  of  possible 
triplet  or  singlet  mixing  states,  the  latter  was  found  to  have  the  lowest  energy  for  the 
hybridization  of  the  Cu  and  doped-hole  wavefunctions.97  The  Hamiltonian  is 

H  =  J^{Si.Sj  -  -niUj)  -  t  ]T  [c\ach(T  +  h.c],  (3) 

(0)  {ij),f 

where  J  is  the  antiferromagnetic  coupling  between  nearest  neighbors  (ij)  similar  to 
the  formalism  in  the  Heisenberg  Hamiltonian.  The  formula  for  J  is  defined  as 

/-f-,  (4) 
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where  the  limit  of  validity  is  for  J  <C  t  or  t  <C  U .  The  Si  are  spin- 1/2  operators 
and  cj  create  electrons  of  spin  a  on  site  i.  Hence,  electrons  move  in  a  2-dimensional 
lattice  with  hopping  amplitude  i,  constrained  such  that  there  are  not  doubly  occupied 
sites.  There  have  been  some  controversies  in  whether  the  three-band  Hubbard  and 
the  reduced  t  —  J  models  will  lead  to  the  same  low-energy  physics  on  a  temperature 
scale  in  the  order  of  Tc.  There  have  been  some  cluster  calculations  on  a  small  number 
of  atoms  that  have  addressed  this  issue.  In  one  of  those  studies,  a  cluster  of  the 
form  CU5O16  is  used  with  the  full  three-band  Hubbard  Hamiltonian  and  parameters 
determined  a  priory.  For  the  stoichiometric  case,  it  is  found  the  eigenvalues  of  the 
problem  map  to  the  corresponding  ones  of  the  Heisenberg  Hamiltonian  for  a  finite 
number  of  spins.  This  is  taken  as  giving  some  support  to  the  model,  although  more 
work  is  clearly  needed  in  the  area. 

Models  for  o\  (u) 

Numerical  Results 

The  one-band  Hubbard  and  t  —  J  models  have  been  the  starting  points  in  many 
calculations  for  studying  the  dynamics  of  carriers  moving  in  the  Cu02  planes.  These 
include  the  response  of  those  carriers  under  the  influence  of  an  electromagnetic  field. 
Results  pertaining  to  the  anomalous  midinfrared  absorption  observed  in  u\{u>)  for 
nearly  all  copper-oxide  superconductors  were  discussed  in  Chapter  II.  Here,  there  will 
be  a  summary  of  the  theoretical  studies  related  to  obtaining  o"j(u;)  from  numerical 
solutions  to  the  one-band  Hubbard  and  the  t  —  J  models  outlined  above. 

It  is  generally  accepted  the  one-band  Hubbard  model  is  one  of  the  simplest  models 
which  may  contain  the  essential  features  of  the  CuOo  planes.  The  problem  that  exists 
is  that  in  the  physical  region  of  interest,  the  strong  coupling  regime,  there  are  not 
easily  applicable  analytic  techniques  to  study,  for  example,  the  optical  conductivity. 
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This  is  the  reason  why  numerical  solutions  of  finite  cluster  calculations  have  been 
found  useful  to  obtain  approximate  solutions  to  the  problem.98-100 

The  numerical  method  commonly  used  to  determine  the  ground  state  of  the  clus- 
ters is  the  Lanczos  technique.1  This  technique  consists  in  providing  an  initial  guess 
for  the  ground  state  |  ^>o)  of  the  system.  The  next  step  is  to  apply  the  chosen  Hamil- 
tonian  to  this  ground  state  to  obtain  a  second  state 


n)  =  n\4>o) |  0o),  (5) 

(<Po  I  9o) 


with  the  constraint  that  the  second  state  be  orthogonal  to  the  first  one,  i.e., 
(<f>0  |  (f>\)  =  0.  The  remaining  states  corresponding  to  the  Hilbert  space  of  the  cluster 
under  study  can  be  constructed  in  this  way  to  give  a  matrix  of  coefficients  an  and  bn 
that  are  defined  by 

(<f>n  I  H  |  <f>n) 


an  — 


{<l>n   |  <t>n) 

and 


(6) 


.  (K\H\  <t>n)  m 

Wn-1  I  (pn-l) 

These  definitions  assure  the  states  that  form  the  basis  of  the  Hilbert  space  are  or- 
thogonal to  each  other.  The  matrix  obtained  from  these  coefficients  can  be  later 
diagonalized  using  standard  methods. 

The  conductivity  tensor  in  linear  response  theory  is  obtained  from  the  relationship 
between  the  current  density  operator,  ji(q,w),  and  the  electric  field  vector,  Ex(q,u), 
in  the  limit  of  q  ~  0.  Hence,  it  can  be  shown 

jx{0,u)  =  <rxxEx(0,u),  (8) 
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where  axx  the  absorptive  part  of  the  optical  conductivity  at  zero  temperature  might 
be  written  as 

RecrIX  =  — Im[(<£o|jxT7 j* -Jx\<t>o)],  (9) 

7TLO  ti   —  HiQ  —  u  —  It 

where  H  is  the  Hamiltonian  whose  energy  is  Eq,  lj  is  the  frequency,  and  e  is  a  small 
number  that  moves  the  poles  of  the  Green's  function  into  the  complex  plane.  In  the 
Hubbard  model,  the  current  operator  jx  in  the  x  direction  at  zero  momentum  can  be 
written  as98 

jx  =  itY^{c]i(Tci+x,<T  ~  h.c).  (10) 

As  discussed  previously,  the  one-band  Hubbard  Hamiltonian  contains  three  charac- 
teristic energies  that  are  expected  to  give  interesting  optical  excitations;  the  hopping 
term  t,  the  on-site  repulsion  term  U,  and  the  exchange  interaction  J,  given  by  Eq.  4 
in  the  strong  coupling  limit.  Dagotto  et  a/.100  reported  numerical  solutions  for  the 
one-band  Hubbard  model  on  a  4  x  4  cluster,  and  for  a  hole  concentration  in  the 
interval  0  <  x  <  0.375.  At  half  filling,  the  results  show  accumulation  of  weight  in 
<ti(lo)  above  an  energy  which  is  close  to  6t.  If  previous  estimates  of  t  are  taken,92  this 
energy  can  then  be  correlated  with  the  corresponding  charge  transfer  gap  of  excita- 
tions that  is  observed  in  the  optical  conductivity  of  the  insulating  compounds  around 
oj  ~  2.0  eV.  If  such  correlation  is  made,  the  weight  in  g\(uj)  is  the  result  of  charge 
excitations  from  the  lower  to  the  upper  one-band  Hubbard  model.  Figure  13  also 
shows  the  results  at  doping  levels  away  from  half  filling.  It  is  evident  in  the  figure 
the  redistribution  of  spectral  weight  from  this  charge  transfer  gap  to  lower  energies  as 
function  of  doping.  In  particular,  the  doping  level  of  x  =  0.125,  which  corresponds  to 
2  holes  in  the  4x4  cluster,  shows  two  major  features  that  occur  below  the  CT  band. 
In  the  first  place,  there  is  accumulation  of  weight  at  w  =  0,  that  is  related  to  the 
Drude  or  free-carrier  response  in  the  material.  The  second  accumulation  of  spectral 


33 

weight  that  occurs  half  way  between  zero  and  the  CT  band  has  been  associated  by 
Dagotto  et  al.  and  others98-100  as  the  midinfrared  band  that  shows  up  in  the  optical 
conductivity  spectrum  of  the  cuprate.  The  results  also  show  that,  with  increased 
doping,  the  Drude  peak  grows  considerably,  while  the  midinfrared  band  only  shows 
a  modest  increase.  Dagotto  et  al.  pointed  out  the  results  shown  in  Fig.  13  would 
correspond  to  the  intermediate  coupling  regime,  i.e.,  U  ~  St.  For  large  coupling,  a 
gap  develops  between  the  CT  excitation  and  the  midinfrared  band,  whereas  for  small 
values  of  U/t  both  excitations  merge,  making  it  difficult  to  separate  them.  Sim- 
ilar calculations  in  the  context  of  the  t  —  J  model  have  been  done  by  Stephan  and 
Horsch"  for  different  values  of  J.  The  results  show  a  qualitative  agreement  with  the 
ones  shown  in  Fig.  13.  The  Drude  and  the  midinfrared  peaks  are  clearly  evident  in 
these  calculations.  Similar  results  in  the  near-half  filling  case  were  also  obtained  by 
C.-X.  Chen  and  H.-B.  Shuttler  from  solution  of  the  one-band  Hubbard  model  in  the 
strong  coupling  limit.102 

Two- Component  Model 

From  the  previous  discussion,  it  is  quite  clear  the  numerical  results  obtained  from 
the  one-band  Hubbard  and  t  —  J  models  favor  the  approach  followed  by  many  re- 
searchers regarding  the  interpretation  of  the  optical  conductivity  a\(u>)  obtained  in 
experiments  involving  the  optical  properties  of  the  copper-oxide  superconductors.  In 
this  approach,  the  infrared  conductivity  in  these  materials  is  considered  to  be  the 
combination  of  a  Drude-like  free-carrier  component  at  u  =  0,  with  a  strongly  tem- 
perature dependent  scattering  rate,  combined  with  much  broader  bound  excitations 
at  higher  frequencies.  In  this  picture,  the  free  carriers  track  the  temperature  de- 
pendence of  the  dc  resistivity  above  Tc,  while  condensing  into  the  superfluid  below 
2^24,28,65,68,103  jn  contrast  the  "intraband"  or  bound  carriers  have  an  overdamped 
scattering  rate  that  exhibits  very  little  temperature  dependence. 
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Fig.  13.  Optical  conductivity  obtained  from  solution  of  the  one-band  Hubbard 
model  (After  Ref.  101). 
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The  extra  component  in  the  infrared  has  also  been  argued  to  be  the  result  of  direct 
transitions  from  valence  band  states  close  to  the  Fermi  level  into  empty  states  of  the 
conduction  band.104  In  the  absence  of  a  clear  physical  origin  for  these  "intraband" 
excitations,  the  natural  choice  has  been  to  model  those  absorptions  by  Drude-Lorentz 
oscillators.  Hence,  the  dielectric  function  e(w)  is  fitted  to  an  equation  of  the  form 


,  ,2  N  2 


<«)  =  ~    TT^T,    +  E  -2 ^—  +  e°°-  (11) 


In  Eq.  11,  the  first  term  represents  the  Drude  component  described  by  a  plasma 
frequency  upD  and  scattering  rate  1/r;  the  second  term  is  a  sum  of  midinfrared  and 
interband  oscillators  with  uj,  upj,  and  7j  being  the  resonant  frequency,  oscillator 
strength,  and  the  width  of  the  jth  Lorentz  oscillator  respectively.  The  last  term,  £«,, 
is  the  high  frequency  limit  of  e(u>),  which  includes  higher  interband  transitions. 

One-Component  Model 

An  alternative  approach  that  has  been  proposed  to  explain  the  anomalous  non- 
Drude  behavior  in  the  infrared  conductivity  of  the  copper-oxide  materials  is  to  model 
a\{u>)  using  a  generalized  Drude  model  with  a  frequency  dependent  scattering  rate 
l/r(u;).31'75'78  In  this  model,  there  is  only  one  type  of  charge  carriers.  Hence,  the 
dielectric  function  can  be  written  as105 

e(to)  =  eOQ-  Up  (12) 

lo[u  —  S(u;)J  ' 

where  up  is  the  bare  plasma  frequency  for  the  charge  carriers  in  the  far  and  midin- 
frared, defined  by  4TrNe2/mb,  and  e^  is  a  constant  that  includes  contributions  from 
interband  transitions.  The  term  S(w)  represents  the  self-energy  of  the  quasiparti- 
cles,  as  will  be  defined  below.   Since  the  real  and  imaginary  part  of  e(u)  are  related 
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through  the  Kramers-Kronig  relations,  they  must  obey  causality.  Then,  to  ensure 
this  causality  condition,  E(u>)  is  taken  to  be  complex,  i.e.,  S(w)  =  Si(cj)  +  iT,2(uj) 
with  ^2(0;)  <  0.  Hence,  the  model  requires  the  introduction  of  a  modified  functional 
form  for  both  the  effective  mass  and  the  scattering  rate.  By  decomposing  the  real 
and  imaginary  part  of  S(cu),  we  arrive  at 

m*{u)  £i(u>) 

and 

l/r»  =  -E2(w)-^_ 

where  now  1/t*(u>)  is  called  the  "renormalized"  scattering  rate,  mj  is  the  band  mass, 
and  m*  is  the  frequency  dependent  effective  mass.  Two  models  that  provide  a  phe- 
nomenological  justification  for  this  approach  are  the  "marginal  Fermi  liquid"  (MFL) 
theory  of  Varma  et  a/.106,107  and  the  "nested  Fermi  liquid"  (NFL)  theory  of  Virosztek 
and  Ruvalds.  For  example,  the  imaginary  part  of  the  one-particle  self-energy  in 
the  MFL  model,  is  written  as 


-ImE(u)~  {  }  (13) 


where  A  is  a  dimensionless  coupling  constant.  Hence,  for  to  <  T  the  model  predicts 
a  renormalized  scattering  rate  that  is  linear  in  temperature,  which  is  expected  from 
the  linear  temperature  dependence  in  the  resistivity  that  is  observed  in  nearly  all 
copper-oxide  superconductors.  As  u  increases,  reaching  a  magnitude  of  order  of  T 
or  higher,  a  new  spectrum  of  excitations  arises.  This  causes  1/t*(u>)  to  grow  linearly 
with  frequency  up  to  a  cutoff  frequency  uc  that  is  introduced  in  the  model. 

The  physical  explanation  for  this  behavior  is  due  to  coupling  of  the  charge  carriers 
with  a  spectrum  of  charge  and/or  spin-density  fluctuations  that  would  lead  to  an 
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effective  mass  enhancement  at  low  frequencies.  This  enhancement  is  expected  to  be 
proportional  to  the  coupling  constant  A.  Finally,  the  model  requires  the  presence 
of  an  energy  gap  that  opens  up  at  the  Fermi  surface  as  the  material  enters  in  the 
superconducting  state.  This  gap  should  show  up  in  the  spectrum  of  a\{u).  As  it  will 
be  discussed  later,  observation  of  this  gap  by  optical  means  is  still  an  open  question. 

When  data  obtained  by  different  groups72'75'87  using  different  high-Tc  materials 
are  analyzed  in  the  context  of  this  model,  there  seems  to  be  a  qualitative  agreement 
with  the  predictions  of  the  model.  In  first  place,  the  dc  resistivity  obtained  from  the 
model  agrees  with  the  experiment.  Secondly,  -ImS(w)  is  nearly  constant  for  u  <  T, 
while  it  increases  linearly  with  u  for  u  >  T.  Thirdly,  there  is  an  effective  mass 
enhancement  at  low  frequencies  that  is  larger  at  low  temperatures. 

One  important  argument  against  the  model  is  that  the  cutoff  frequency  deter- 
mined by  the  agreement  between  the  data  and  the  model  is  rather  low,  i.e.,uc  is 
below  1000  cm-1.  This  is  in  conflict  with  the  high  cutoff  frequency  suggested  by 
Raman109  experiments  where  u>c  fa  7000  cm-1.  In  addition,  the  coupling  constant 
determined  for  samples  with  lower  Tc  is  actually  larger  when  compared  with  the  value 
obtained  with  higher  Tc  samples.  The  problem  arises  because  the  Tc  is  supposed  to 
be  determined  by  A. 

Superconducting  State  Models 
Experimental  evidence  for  the  unconventional  nature  of  the  normal-state  proper- 
ties in  the  copper-oxide  superconductors  has  been  established  without  a  doubt.  At 
the  same  time,  there  is  no  unambiguous  evidence  that  the  properties  in  the  super- 
conducting state  show  anomalous  behavior  as  well.  It  was  established  early  on  that 
pairing  of  electrons  (holes)  was  indeed  present  in  the  superconducting  state  of  these 
materials.  A  series  of  experiments  on  YBa2Cu30j_5  were  performed  that  showed  the 
elementary  charge  in  the  superconducting  state  is  2e  rather  than  e.3,4  There  are  two 
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questions  that  one  can  ask  about  the  nature  of  this  pairing.  The  first  one  is  what 
is  the  force  that  mediates  the  attractive  interactions?  In  ordinary  superconductors, 
the  pairing  is  mediated  by  phonons  interacting  with  free  carriers  in  the  material.2 
The  second  question  is  whether  the  pairing  is  accompanied  by  an  energy  gap  that 
opens  up  on  the  Fermi  surface  as  happens  in  conventional  superconductors.  Evi- 
dence against  the  conventional  nature  of  this  pairing  could  then  be,  for  example,  the 
presence  of  nodes  or  states  within  this  gap. 

While  answer  to  the  pairing  mechanism  must  await  the  development  of  a  success- 
ful theory  to  explain  superconductivity  in  the  high-Tc  materials,  experiments  could, 
in  principle,  provide  answer  to  the  presence  of  a  gap.  In  fact,  many  experimental 
techniques,  such  as  tunneling,  infrared  spectroscopy,  photoemission  and  penetration 
depth  measurements,  have  tried  to  demonstrate  the  existence  of  the  superconducting 
gap  and  its  symmetry.  Unfortunately,  there  have  been  contradictions  in  some  of  the 
results.  The  following  section  will  review  the  many  ideas,  both  theoretical  and  ex- 
perimental, that  have  been  discussed  related  to  the  possible  symmetry  of  the  pairing 
in  the  superconducting  state  of  the  copper-oxide  materials. 

Symmetry  of  the  Order  Parameter 

Superconductivity  in  general  is  regarded  as  evidence  of  a  broken  symmetry.  This 
transformation  involves  a  change  that  allows  the  description  of  the  system,  in  the  ther- 
modynamic limit,  by  a  macroscopic  wavefunction  $  and  a  phase.  In  group-theoretical 
calculations,  the  symmetry  of  the  superconducting  state  corresponds  to  one  of  the 
irreducible  representations  of  the  total  symmetry  group  of  the  normal  state.  '  " 
The  possible  broken  symmetries  considered  are  spin  and  point  group  rotations  as  well 
as  global  gauge  symmetries.  In  the  high-Tc  materials,  such  as  YBa2Cii307_^  and 
Bi2Sr2CaCu2  08  the  symmetry  of  the  crystal  lattice  is  known  to  be  almost  tetragonal 
with  the  orthorhombic  distortion  of  the  Cu02  planes  being  relatively  small.  Inclusion 
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of  this  distortion  may  lead  to  different  conclusions  regarding  the  possible  symmetry 
classifications  of  the  order  parameter  in  the  superconducting  state.  In  addition,  since 
in  BCS  theory  superconductivity  results  from  pairing  of  electrons,  the  coupling  of  the 
electron  spins  could  lead  to  singlet  (S=  0)  or  triplet  (S=  1)  states  for  the  spin  part 
of  the  pairing  wavefunctions. 

In  the  following  discussion  spin-orbit  coupling  is  not  considered  for  brevity.  Also, 
the  assumed  crystal  symmetry  in  the  normal  state  will  be  the  one  of  the  lattice,113 
although  others  have  been  proposed  in  the  literature.114  For  example,  if  a  tetrago- 
nal point  group  symmetry  is  considered  for  the  crystal,  the  possible  superconducting 
state  symmetry  can  be  derived  from  the  irreducible  representations  of  the  group 
SO(3)  x  D^h,  where  50(3)  is  the  group  rotation  in  spin  space  and  D^  is  the  point 
group  symmetry  of  the  lattice.  In  a  singlet  state  with  tetragonal  point  group  sym- 
metry, there  are  1-  and  2-dimensional  irreducible  representations  corresponding  to 
the  Aj/j  group  in  the  system.  Based  on  experimental  grounds,  the  two  most  quoted 
possibilities  for  the  high-Tc  are  the  A\g  and  B\g.  The  first  one,  the  A\g,  is  the  only 
singlet  state  with  a  gap  function  that  is  nonzero  everywhere  on  the  Fermi  surface. 
This  symmetry  corresponds  to  the  so-called  s-wave  symmetry  in  the  BCS  theory  for 
conventional  superconductors.  The  gap  function  has  the  form  A(fc)  =  Ao,  up  to  a 
function  with  the  symmetry  of  the  lattice.  The  second  possibility  that  has  arisen  in 
some  theoretical  models,115  as  well  as  from  some  recent  experimental  results5,116  that 
will  be  discussed  later,  corresponds  to  the  B\g  point  group  symmetry.  This  represen- 
tation gives  a  gap  function  that  can  represented  with  the  dxi  i  orbital  and  that  is 
usually  written  as  A(k)  =  Ao(cos  kx  —  cos  ky).  On  a  spherical  Fermi  surface,  this  gap 
function  would  have  nodes  at  45°  angles  with  respect  to  the  lobe  maxima. 

If  the  point  group  symmetry  of  the  lattice  has  orthorhombic  (-C^/j)  symmetry, 
there  will  be  4  possible  singlet-state  alternatives.    The  first  one  corresponds  to  the 
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A\g  point  group  and  has  s-wave  symmetry.  The  rests  have  the  B\g,  Big,  and  Bzg 
irreducible  representations,  having  single-state  gap  symmetries  of  the  following  d- 
wave  like  orbitals:  dxy,  dxz,  and  dyz  respectively.  It  should  be  pointed  out  that  the 
d„2   ,,2  will  not  be  realized  in  this  case. 

There  are  many  other  possibilities  that  include  triplet  state  spin  wave  functions 
in  both  orthorhombic  and  tetragonal  point  group  symmetries.  The  p-wave  states,  for 
example,  are  important  in  superfluid  3He.  The  interested  reader  is  referred  to  the 
literature  for  more  details.113 

Evidence  for  Proposed  Pairing  States 

In  the  context  of  the  t  —  J  model,  there  have  been  numerical  results  on  finite  clus- 
ters that  suggest  an  attractive  channel  for  binding  of  two  holes  in  an  antiferromagnetic 
background  with  dx2_y2  symmetry.115'11''118  The  results  show  the  average  distance 
between  the  two  holes  decreases  as  the  ratio  J/t  increases.  It  has  been  proposed 
this  provides  evidence  that  the  strong  coupling  limit  is  a  necessary  condition  for  the 
binding  of  holes  in  the  t  —  J  model  and  that  it  eventually  leads  to  phase  separation  in 
the  system,  i.e.,  the  material  separates  in  hole-rich  and  hole-poor  regions.  ' 
Dagotto  et  a/.115  extended  the  calculations  to  include  higher  doping  in  a  4  x  4  cluster 
as  a  function  of  the  ratio  J/t.  The  numerical  results  also  suggest  in  this  case  a  signal 
for  superconductivity  that  is  stronger  in  the  dxi_yi  channel.  For  this  channel,  the 
pairing  correlation  function  shows  a  maximum  at  J/t  «  3.  Of  course,  these  results 
are  not  enough  evidence  to  prove  a  condensate  in  the  bulk  of  the  system.  Finite  size 
effect  studies  should  be  carried  out  before  a  definite  conclusion  could  be  reached.  On 
the  other  hand,  finite  cluster  calculations  in  the  three-  and  one-band  Hubbard  mod- 
els have  not  given  evidence  for  binding  of  holes  in  the  dx-i_yi  channel,  although  the 
results  are  only  for  small  cluster  sizes.122'123  When  more  powerful  computers  become 
available,  this  issue  could  be  address  with  larger  clusters. 
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Let  us  turn  our  attention  to  the  experimental  data.  The  electromagnetic  London 
penetration  length  Xi(T)  is  considered  one  of  the  basic  lengths  in  superconductivity. 
This  is  because  its  temperature  dependence  can  give  information  about  the  pair- 
ing state  in  a  superconductor.  Earlier  a6-plane  penetration  depth  measurements  on 
YBa2Cu307_,5  single  crystals  and  films  by  Harshman  et  a/.124'125  and  Kruisin-Elbaum 
et  a/.126  suggested  the  gap  was  nodeless,  i.e.,  the  low  temperature  behavior  of  Xi(T) 
was  thought  to  be  exponential  as  in  an  ordinary  BCS  superconductor  with  isotropic 
gap.  Most  recently,  a  reanalysis  of  these  and  more  recent  kinetic  inductance  data 
by  Fiory  et  al.  have  yielded  a  quadratic  variation  of  AA^(T)  from  its  zero  tem- 
perature value.55'128  Most  available  results  are  best  fitted129  by  using  the  empirical 
Gorter-Casimir  formula 

where  t  =  T/Tc.  Likewise,  in  more  recent  penetration  depth  experiments  on  single 
crystals  of  YBa2Cu307_£  using  a  stable  microwave  cavity,  it  has  been  found  the 
very  low  temperature  dependence  of  A/J(T)  is  linear  rather  than  quadratic  in  T. 
The  results  have  been  explained  as  consistent  with  an  order  parameter  that  has 
dx2-y2  symmetry,  since  this  symmetry  would  introduce  a  linear  power-law  variation 
in  AXL(T)  of  the  form 

HT)   1  =  (ML),  (15) 


^max 


XL(0)  \Ar 

where  Amax  is  the  maximum  gap  value  over  the  Fermi  surface.  Morover,  the  tem- 
perature dependence  of  the  penetration  depth  in  Bi2Sr2CaCu2  0s  single  crystals  and 
YBa2Cu307_,5  films  have  been  done  by  Ma  et  a/.130  In  this  study,  it  is  of  found  that 
in  both  cases  AA^(T)  oc  T2  for  T  <C  Tc.  Thus  far,  there  has  been  little  progress  in 
the  understanding  of  the  observed  differences.  The  problem  that  exists  is  that  any 
physical  model  based  on  some  sort  of  disorder  in  some  of  the  samples  would  imply 
a  significant  reduction  in  Tc  contrary  to  what  has  been  observed.   There  have  been 
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attempts  to  model  the  effect  of  impurities  that  could  change  the  linear  T  dependence 
to  T  in  less  than  ideal  samples.131'132  It  is  shown  in  one  of  those  calculations  that 
strong  resonant  scattering  could  account  for  the  differences  that  are  observed  in  the 
temperature  dependence  of  AA^(T)  in  films  and  single  crystals  that  have  an  order  pa- 
rameter with  a  dxi_y2  symmetry.131  Perhaps,  other  more  subtle  mechanisms  such  as 
the  CuO  chains  in  YBa2Cu3C>7_£  and  the  superlattice  modulation  in  P^SroCaCmOs 
could  have  some  effect  in  the  electrodynamics  response  of  these  materials. 

Using  Bi2Sr2CaCu2  08  samples  from  the  same  batch  as  the  one  that  showed 
AXi(T)  oc  T",  Shen  et  al.5  performed  angular  resolved  photoemission  spectroscopy 
(ARPES)  measurements  and  found  a  condensate  peak  that  is  larger  and  more  pro- 
nounced along  the  symmetry  line  V  —  X,  i.e.,  from  center  of  the  Brillouin  zone  to 
the  ^-direction  in  momentum  space,  and  seems  to  vanish  (within  the  experimental 
resolution  of  10  meV)  45°  away  from  the  previous  direction  (r  —  M).  Based  on  this 
observation,  they  conclude  the  symmetry  of  the  order  parameter  is  compatible  with 
dx2_y2  symmetry  pairing.  This  conclusion  is  strongly  dependent  on  two  assumptions. 
The  first  is  that  the  gap  is  zero  in  the  direction  where  it  is  undetectable  in  the  ex- 
periment. The  second  is  the  point  group  symmetry  of  the  crystal  is  tetragonal  rather 
than  orthorhombic,  i.e.,  a  rotation  of  90°  or  ISO0  in  the  plane  would  give  the  same 
magnitude  of  the  gap  with  just  a  change  of  the  phase.  From  the  results  presented, 
it  is  not  clear  whether  these  checks  were  made.  Moreover,  such  data  do  not  seem 
incompatible  with  similar  measurements  done  by  Kelley  et  al.  where  another  singlet 
d-wave  symmetry  (dxz)  is  proposed  as  an  allowed  possibility.  This  is  concluded  from 
symmetry  analysis  of  the  condensate  peak  observed  in  photoemission  experiments 
as  function  of  photon  polarization  and  photoelectron  collection  directions.  The  au- 
thors also  pointed  out  that  other  possibilities  such  as  mixing  of  <f-wave  with  either 
s-  or  p-wave  symmetries  cannot  be  excluded  based  on  the  results  of  the  experiment. 
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Finally,  the  authors  concluded  that  the  point  group  symmetries  of  both  the  normal 
and  superconducting  states  of  this  compound  show  a  Doh  instead  of  a  D^  character. 
Other  probes  of  the  pairing  state  in  the  high-Tc,  such  as  tunneling,  do  not  reveal 
clear  evidence  of  a  gap,  but  rather  show  substantial  density  of  states  in  the  range 
where  a  gap  might  be  expected.8'9 

Determination  of  Gap  by  Optical  Spectroscopy 

As  is  well  known,  a  superconductor  is  a  good  reflector  of  light  for  energies  below 
2 A,  where  2 A  is  the  optical  energy  gap  for  quasiparticle  excitations  in  the  supercon- 
ducting state.  This  means  that  in  a  reflectance  experiment  a  signature  of  the  gap 
will  be  when  R  =  1  for  photon  energies  less  than  2A.  At  higher  energies,  since  there 
is  enough  energy  to  break  a  Cooper  pair,  the  material  will  start  absorbing  light  and 
the  reflectance  will  show  deviation  from  unity.  A  Kramers-Kronig  analysis  will  then 
show  an  optical  conductivity  cr\(oj)  that  is  zero  for  u  =  2A,  and  finite  for  u>  >  2A. 
This  has  indeed  been  confirmed  in  the  experiment,  where  2A  is  very  close  to  the  value 
predicted  by  the  BCS  theory  for  most  conventional  superconductors.110 

There  have  been  attempts  in  many  optical  studies  to  associate  features  in  the  su- 
perconducting state  reflectivity  of  the  high-Tc  materials  with  superconducting  energy 
gaps.31,05,78,133'134  Values  in  the  quantity  2A/kbTc  reported  in  the  literature  have 
ranged  between  2.5  and  S.  However,  these  claims  must  be  taken  with  certain  caution 
for  two  reasons.  In  the  first  place,  there  is  a  stringent  requirement  that  R  must  be 
unity  below  the  threshold  for  quasiparticle  excitations.  With  the  typical  uncertainties 
A7i  in  the  order  ±0.5%,  it  is  not  possible  to  rule  out  any  small  but  finite  absorption 
when  the  reflectance  is  very  close  to  100%.  This  is  important  in  view  of  the  fact  that 
such  uncertainties  in  R  will  introduce  errors  in  <J\(ui)  in  the  order  of 

<7i(w)     ~  R(l-R)'  {     ' 
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It  is  clear  that  the  S/N  ratio  in  (J\(uj)  diminishes  as  R  approaches  one.  Secondly, 
there  have  been  reports  of  direct  absorption  measurements  that  show  a  nonzero 
value  for  the  a-axis  absorptivity  of  single  domain  crystals  of  YBa2Cu307_,§  down  to 
100  cm-1  or  so.  Such  energy  falls  well  below  the  range  of  values  of  2A/kf,Tc  reported 
in  the  literature.  To  reconcile  these  results,  it  has  been  proposed  the  extra  absorp- 
tion observed  in  (T\{lo)  below  Tc  is  part  of  a  second  component  in  the  midinfrared 
conductivity.68,71,72'103'116'135  To  explain  the  absence  of  a  gap  feature,  it  has  been 
argued  that  since  the  high-Tc  materials  are  in  the  clean  limit,  because  of  the  short 
coherence  length  and  long  mean  free  path,  the  rising  reflectance  in  the  far  infrared  is 
not  due  to  a  superconducting  gap  but  rather  to  a  scattering  rate  that  approaches  zero 
as  the  sample  enters  in  the  superconducting  state.  This  picture  is  consistent  with 
a  Drude-term  conductivity  that  condenses  into  a  delta  function  at  zero  frequency. 
This  leaves  very  little  spectral  weight  for  transitions  across  the  gap  that  might  still 
be  present  in  the  superconducting  state.  Furthermore,  it  has  been  argued  that  some 
of  these  features  might  be  associated  with  interaction  involving  longitudinal  c-axis 
phonons  with  the  a&-plane  bound  carriers.135'136  An  apparent  justification  for  this  is 
due  to  the  fact  that  some  of  these  features  are  still  present  above  Tc.  This  issue  will 
be  addressed  in  Chapter  V  with  results  obtained  on  a  L^CuO^,;  single  crystal. 


CHAPTER  IV 
EXPERIMENTAL  TECHNIQUES 

An  optical  experiment  involves  the  measurement  of  the  transmittance  or  the 
reflectance  of  a  sample  as  a  function  of  the  incident  light  frequency.  When  this 
is  done  over  a  very  wide  frequency  range,  typically  between  the  far  infrared  and 
the  ultraviolet  (UV)  regions  of  the  optical  spectrum,  it  is  necessary  to  use  different 
combinations  of  spectrometers,  light  sources,  and  detectors.  This  chapter  describes 
the  experimental  techniques  used  in  this  work.  The  first  section  in  the  chapter  includes 
discussion  of  the  Fourier  transform  spectroscopy  technique  that  was  used  to  cover  the 
spectral  regions  in  the  far  and  midinfrared.  There  is  also  a  discussion  on  the  Perkin- 
Elmer  monochromator  that  was  used  to  cover  from  the  midinfrared  up  to  the  UV. 
Descriptions  of  the  kind  of  detectors,  polarization  control,  sample  mounting,  and  data 
analysis  procedures  will  also  be  presented.  A  final  section  will  briefly  describe  the 
preparation  techniques  of  the  high-Tc  materials  that  were  studied  in  this  work. 

Fourier  Transform  Infrared  Spectroscopy 

The  far  infrared  is  one  of  the  less  accessible  spectral  regions.  The  reason  for  this 
is  the  reduced  available  power  from  radiant  sources  at  those  low  frequencies.  For  any 
given  source,  the  total  blackbody  power  spectrum  is  given  by 

Po  =  °T4A,  (17) 

where  A  and  T  are  the  area  and  temperature  of  the  source  respectively,  and  a  is 
the  Stefan-Boltzmann  constant.  For  a  typical  mercury  arc  lamp  the  radiated  power 
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available  from  zero  up  to  a  frequency  u>  can  be  estimated  by  using  the  Rayleigh- Jeans 

law137 

hnT 

(18) 


kBT         2 


127r2c2' 

where  kg  and  c  are  the  Boltzmann's  constant  and  speed  of  light  respectively.  Then, 
the  ratio  of  the  emitted  to  the  total  power  up  to  frequency  u  is  given  by 


_  PH  _    5    / 


huj 


P0        ^  \kBT 


(19) 


For  u  =  100  cm-1  and  T  =  5000  K  the  fraction  is  7/  =  1.2  x  10~6,  i.e.,  if  the  total 
power  of  the  source  is  1  W,  only  1  /fW  will  be  emitted  for  frequencies  below  100  cm-1. 
This  energy  deficiency  was  overcome  by  the  development  of  Fourier  transform  spec- 
troscopy.138 The  principle  of  operation  can  be  understood  in  terms  of  the  Michelson 
interferometer  shown  in  Fig.  14. 


Source 


o<r 


Mi 


A 


V 


> 


Focusing 
Lenses 


Fixed    Mirror 


V 


Beamsplitter 


s: 


^ 


Detector 

D 


T 

^ 
'/_. 


i  6  VZ 


M. 


Movable    Mirror 


Fig.  14.  Basic  Michelson  interferometer. 
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Light  coming  from  a  source  falls  onto  a  partially  transmitting  beamsplitter.  In 
the  ideal  case,  half  of  the  radiation  will  be  transmitted  to  the  movable  mirror  M2. 
The  other  half  is  reflected  onto  the  fixed  mirror  labeled  Mi.  Both  beams  are  reflected 
and  they  recombine  again  at  the  beamsplitter.  When  Mi  and  M2  are  equidistant  with 
respect  to  the  beam-splitter  position,  the  sum  of  the  two  beams  will  have  maximum 
intensity.  As  M2  moves  away  from  this  maximum  position,  the  two  beams  will  be  out 
of  phase  by  an  amount  8  =  2iri/8,  where  v  is  the  frequency  of  the  incident  light  in 
units  of  cm"1  and  8  is  the  distance  as  measured  away  from  the  position  of  maximum 
intensity  or  zero  path  difference.  If  the  two  beams  have  equal  amplitudes  a(v),  the 
sum  of  the  amplitudes  reaching  the  detector  can  be  written  as 

A(v)  =  a(v)(l  +  ei2*v6).  (20) 

The  intensity  of  the  radiation  reaching  the  detector  as  a  function  of  path  difference 
can  then  be  written  as 

1(8, u)  =  AA*  -2a2(l  +  cos2x^)  =  ]-S(v)(l  +  cos2irv8),  (21) 

where  S(v)  is  the  spectral  density  of  the  source.  For  a  source  having  frequencies  from 
v  =  0  to  v  =  00  ,  the  total  integrated  intensity,  or  the  interferogram  1(8),  can  be 

obtain  by  integration  of  Eq.  21.  The  result  is 

r+00  y+00 

1(8)  =    /        S(v)dv+  /        S(i/)cos2tti/Wi/,  (22) 

Jo  Jo 

The  first  term  in  Eq.  22  is  a  constant  equal  to  the  total  output  intensity  of  the  source 

Sq.  The  spectrum  itself  can  be  found  by  computing  the  inverse  Fourier  transform  of 

the  interferogram, 

/+00 
I(8)e2xvSd8.  (23) 

-00 

So  if  the  moving  mirror  is  scanned  continuously  over  an  infinite  range  of  path  dif- 
ferences and  1(8)  is  recorded  at  each  8,  the  spectrum  can  be  obtain  by  performing 
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the  integral  in  Eq.  23.  The  importance  of  this  is  that  all  the  information  about 
the  spectrum  is  being  observed  continuously.  This  advantage  was  first  recognized  by 
Fellgett.139 

In  practice,  1(8)  is  recorded  over  a  finite  range  of  path  differences  and  with  lim- 
ited resolution.  The  discreet  nature  of  1(8)  changes  the  Fourier  integral  into  a  Fourier 
series.  In  addition,  the  maximum  finite  path  difference  8m  introduces  side-lobes  near 
sharp  features  of  S(v).  This  problem  can  be  minimized  by  the  method  of  apodiza- 
tion.  '  The  sampling  interval  of  1(8)  determines  the  maximum  cutoff  frequency 
(v-max)  of  S(u).  This  will  introduce  aliasing  for  frequencies  higher  than  (vmax)-  This 
problem  is  solved  by  introducing  proper  optical  filters  that  will  attenuate  those  higher 
unwanted  frequencies. 

Optical  Spectrometers 

Bruker  Fourier  Transform  Spectrometer 

The  instrument  used  to  cover  the  far  and  midinfrared  (30—4000  cm-1)  is  a  Bruker 
113v  fast-scan  Fourier  transform  spectrometer.  The  principle  of  operation  is  very 
similar  to  the  Michelson  interferometer.  A  schematic  diagram  of  the  spectrometer 
is  shown  in  Fig.  15.  The  instrument  comes  equipped  with  two  sources;  a  Hg  and 
globar  lamps  for  the  far  infrared  and  midinfrared  respectively.  There  are  also  de- 
tectors for  each  of  those  spectral  regions.  In  the  interferometer  area,  the  emitted 
light  from  the  source  is  focused  to  a  beamsplitter  that  sends  the  transmitted  beam 
to  one  mirror  and  the  reflected  light  to  other  mirror  facing  the  first  one.  Both  beams 
are  sent  to  a  two-sided  movable  mirror  which  reflects  both  beams  back  to  be  recom- 
bined  at  the  beam-splitter  site.  The  two  interfering  beams  are  then  directed  to  the 
sample  compartment  which  contains  two  chambers;  one  for  transmittance  and  the 
other  for  reflectance  measurements.   There  is  a  reflectance  stage,  which  is  placed  in 
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the  reflectance  chamber,  that  allows  reflectivity  measurements  with  near-normal  in- 
cidence. The  final  destination  of  the  light  is  the  detector  chamber.  The  whole  area  of 
the  spectrometer  is  evacuated  to  avoid  absorptions  by  water  and  CO2  present  in  the 
air.  Because  the  two-side  mirror  moves  with  constant  speed  v,  the  path  difference  8 
between  the  transmitted  and  reflected  beams  at  the  beamsplitter,  is  changed  accord- 
ing to  the  relation  8  =  4u£,  where  t  is  the  time  as  measured  from  the  moment  8  —  0. 
Hence,  this  moving  mirror  produces  a  modulation  of  the  infrared  signal,  in  the  form 

D(t)  =  D0  cos(2*  fat),  (24) 

where  D(t)  is  the  signal  as  received  by  the  detector  and  the  infrared  frequency  vq  is 
turned  into  an  audio  frequency  in  the  formula  fa  =  AvUq.  The  next  stage  is  amplifica- 
tion and  digitizing  of  this  signal  before  is  sent  to  an  Aspect  computer  for  apodization, 
phase  correction,  and  finally  application  of  the  Fourier  transform  to  the  obtained  in- 
terferogram  to  finally  get  the  spectrum.  Table  1  shows  the  parameters  used  in  the 
Bruker  spectrometer. 

Bolometer  Detector 

As  was  mentioned  before,  the  intensity  of  the  source  blackbody  spectrum  becomes 
rather  weak  in  the  far  infrared.  This  can  be  partially  overcome  by  using  detectors 
that  are  sensitive  enough  to  give  an  acceptable  signal  to  noise  ratio.  The  limitation 
that  most  infrared  detectors  have  is  that  the  sensitivity  is  limited  by  the  background 
noise.  For  example,  if  the  detector  is  operated  at  room  temperature,  the  peak  of 
the  blackbody  spectrum  of  this  background  is  centered  at  around  1000  cm-1,  right 
in  the  middle  of  the  infrared.  This  can  be  overcome  by  operating  the  detector  at 
temperatures  much  lower  than  room  temperature,  i.e.,  at  liquid  helium  temperature 
or  even  lower.   A  diagram  of  the  helium  cooled  detector  that  was  used  in  this  study 
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Table  1.  Bruker  FTIR  Operating  Parameters 


Range 

Beam  Split. 

Opt.  Filt. 

Source 

Pol. 

Detect. 

cm-1 

Material 

Material 

Material 

35  -  90 

Mylar 

Black  PE 

Hg  arc 

1 

bolometer 

SO  -  400 

Mylar 

Black  PE 

Hg  arc 

1 

bolometer 

100  -  600 

Mylar 

Black  PE 

Hg  arc 

1 

bolometer 

450  -  4000 

Germanium  on 

KBr 

none 

Globar 

2 

DTGS,  photocell 

PE  =  polyethylene.  Polarizer  1  =  wire  grid  on  oriented  polyethylene;  polarizer  2  =  wire 
grid  on  AgBr. 

is  shown  in  Fig.  16.  The  detector  element  is  made  out  of  Si.  It  detects  the  signal 
by  bolometric  means,  i.e.,  by  changing  its  temperature  as  the  infrared  light  strikes 
it.  This  change  in  temperature  is  amplified  and  recorded  as  a  voltage  signal,  which 
is  then  digitized  and  sent  to  the  Aspect  computer. 

The  Perkin-Elmer  Monochromator 

At  higher  frequencies,  the  Fellgett  advantage  losses  its  importance  due  to  the 
availability  of  brighter  sources  and  more  sensitive  detectors.  For  these  reasons,  a 
grating  spectrometer  is  an  excellent  choice  to  cover  frequencies  in  the  near  infrared 
and  up  to  the  UV  (1000—40,000  cm-1).  The  instrument  used  is  a  modified  Perkin- 
Elmer  16U  monochromator.  The  diagram  showing  the  details  of  the  instrument  is 
in  Fig.  17.  Depending  on  the  frequency  of  interest,  there  are  three  sources  to  chose 
from:  a  globar  for  the  midinfrared,  a  tungsten  lamp  for  the  near  infrared,  and  a 
deuterium  source  for  the  UV.  After  the  light  goes  through  filters  and  an  exit  slit,  it 
goes  through  a  grating  where  the  different  wavelengths  are  diffracted  according  to  the 
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Fig.  15.   Top:  Reflectance  stage  that  was  used  to  perform  near-normal  inci- 
dence reflectance.  Bottom:  Schematic  of  the  Bruker  FTIR  interferometer. 
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Fig.  16.  Diagram  of  the  liquid  helium  cooled  detector. 
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Fig.  17.  Diagram  of  the  Perkin-Elmer  grating  monochromator. 
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formula  2d  sin  9  =  n\,  where  n  is  the  n  order  of  the  diffracted  light,  A  is  the  wave 
length,  8  is  the  angle  of  incidence,  and  d  is  the  spacing  between  the  grating  lines.  The 
angle  of  incidence  is  changed  by  rotating  the  grating  with  a  step-motor  controller. 
This  allows  access  to  different  wavelengths  sequentially.  The  now  "filtered"  light 
exits  the  monochromator  and  it  is  focused  onto  the  position  labeled  R  in  Fig.  17. 
The  sample  and  reference  are  placed  there  for  reflectance  measurements.  In  the  case 
of  transmittance,  the  sample  and  reference  (in  this  case  an  empty,  or  "blank,"  sample 
holder)  are  positioned  at  the  point  T.  The  reflected  or  transmitted  light  reaches 
a  detector  that  is  connected  to  a  lock-in  amplifier  for  amplification  of  the  signal. 
The  output  of  the  lock-in  is  fed  to  a  digital  voltimeter  that  is  remotely  controlled 
by  a  PC  computer  that  also  controls  the  step-motor  controllers  of  the  grating  and 
filters.  The  collection  of  the  data  is  done  through  the  computer  by  recording  a  single 
beam  spectrum  (signal  vs.  frequency)  for  the  reference  and  the  sample  sequentially 
and  taking  the  ratio  of  these  two  spectra  (Ss/Sr)  to  obtain  the  true  reflectance  or 
transmission  of  the  sample.  During  normal  operation,  the  spectrometer  chamber  is 
evacuated  down  to  150  mTorr  or  so  to  prevent  any  absorption  due  to  water  or  CO2 
present  in  the  air.  For  more  details  about  the  operation  of  this  machine  the  interested 
reader  is  referred  to  Reference  142.  Table  2  lists  the  parameters  used  to  cover  each 
frequency  range. 

Polarizers 

The  need  to  resolve  the  dielectric  tensor  along  the  principal  axes  of  the  single 
crystals  used  in  this  work  required  us  to  polarize  the  electric  field  of  the  light.  Since  the 
radiation  generated  at  the  source  is  randomly  polarized,  the  polarization  of  the  light 
was  accomplished  by  inserting  a  polarizer  in  the  path  of  the  beam.  The  characteristics 
of  the  polarizers  vary  depending  on  the  frequency  range  of  interest.  In  the  infrared, 
the  polarizers  used  are  made  of  a  gold  wire  grid,  vapor  deposited  on  a  substrate.  For 
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Table  2.  Perkin-Elmer  Grating  Monochromator  Parameters 


Frequency 
(cm-1) 


Grating  a 
(line/mm) 


Slit  width 
(micron) 


Source       Detector c 


801-965 

101 

905-1458 

101 

1403-1752 

101 

1644-2612 

240 

2467-4191 

240 

4015-5105 

590 

4793-7977 

590 

3S29-5105 

590 

4793-7S22 

590 

7511-10234 

590 

9191-13545 

1200 

12904-20144 

1200 

17033-24924 

2400 

22066-28059 

2400 

25706-37964 

2400 

363S6-45333 

2400 

2000 

GB 

TC 

1200 

GB 

TC 

1200 

GB 

TC 

1200 

GB 

TC 

1200 

GB 

TC 

1200 

GB 

TC 

1200 

W 

TC 

225 

W 

PbS 

75 

w 

PbS 

75 

w 

PbS 

225 

w 

PbS 

225 
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the  midinfrared  spectral  range  (300—4000  cm  )  a  silver  bromide  substrate  is  used, 
while  in  the  far  infrared  (30—600  cm-1),  the  substrate  is  polyethylene.  Dichroic 
and  plastic  polarizers  were  used  in  the  near  infrared,  visible  and  UV.  In  both  the 
Bruker  and  Perkin-Elmer  spectrometers,  the  desired  polarization  of  the  light  was 
easily  accomplished  by  mounting  the  polarizer  in  the  path  of  the  beam  using  a  gear 
mechanism  that  also  allowed  rotation  from  the  outside  without  breaking  the  vacuum 
in  the  spectrometers.  This  in-situ  adjustment  of  the  polarizers  greatly  reduces  the 
uncertainty  in  the  relative  anisotropy  of  the  reflectance  (better  than  ±0.25%).  This  is 
specially  important  when  the  relative  anisotropy  in  the  optical  response  of  the  crystal 
is  not  very  large. 


Front  view 


Side   view 


Copper 
wires 


Conical 
surface 


Sample 


Fig.  18.  Diagram  of  frame  used  to  mount  samples. 


Sample  Mounting  and  Low  Temperature  Measurements 
Due  to  the  small  size  of  the  samples  used  in  this  study,  special  care  had  to  be 
taken  to  mount  them  for  reflectance  measurement.   In  the  case  of  the  single-domain 
YBa2Cu307_f  sample,  the  size  was  around  lxl  mm2  in  the  ab  plane.  In  order  to  take 
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advantage  of  the  whole  area,  the  mounting  of  the  sample  was  done  in  the  following 
way.  A  copper  frame  was  machined  with  a  small  hole  at  the  center  (~  2  mm  diameter). 
One  side  of  the  frame  (the  front  side)  had  a  conical  surface  as  illustrated  in  Fig.  18. 
This  conical  surface  was  necessary  to  scatter  away  any  light  that  may  hit  the  copper 
frame  when  inserted  in  the  beam  path  inside  the  spectrometer.  The  next  step  was 
to  solder  two  very  fine  copper  wires  across  the  center  of  the  hole  on  the  back  side 
of  the  frame.  Then,  the  sample  was  carefully  mounted  on  the  two  wires  and  glued 
there  by  a  good  thermal  conductor  (apiezon  grease).  A  piece  of  Al-coated  Si  with 
approximately  the  same  area  as  the  sample  was  mounted  on  another  frame  in  the 
same  way  as  the  sample  in  order  to  be  used  as  a  reference. 

Mounting  of  the  F^SroCaCuoOs  and  LaoCuO^^  samples  did  not  require  the 
the  use  of  wires  due  to  the  larger  size  of  these  samples.  Instead,  each  sample  was 
mounted  on  the  back  side  of  a  frame,  as  shown  in  Fig.  18,  with  a  hole  of  slightly 
smaller  diameter  than  the  size  of  the  sample.  A  frame  with  same  hole-size  as  the 
frame  of  the  sample  was  used  to  mount  a  Al-coated  piece  of  glass  to  be  used  as  a 
reference.  Finally,  frames  containing  the  sample  and  the  Al-coated  reference  were 
mounted  facing  out  in  opposite  sides  of  a  sample  holder  assembly  that  was  later 
positioned  inside  the  spectrometer  for  reflectance  measurements.  To  facilitate  the 
study  of  the  polarization  dependence  in  the  reflectance,  samples  were  mounted  so 
that  the  principal  axes  of  the  measured  face  could  be  studied  by  setting  the  polarizer 
horizontal  or  vertical  with  respect  to  the  spectrometer  bench. 

Low  temperature  measurements  were  possible  by  attaching  the  sample  holder  as- 
sembly to  the  tip  of  a  Hansen  and  Associates  High-Tran  cryostat.  A  flexible  transfer 
line  was  used  to  flow  liquid  helium  from  a  storage  tank  to  the  cryostat.  The  tem- 
perature of  the  sample  was  stabilized  by  using  a  temperature  controller  (Hansen  & 
Associates  S000)  connected  to  a  previously  calibrated  SI  diode  sensor  and  a  heating 
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element  attached  to  the  tip  of  the  cryostat.  In  this  set-up,  the  temperature  of  the 
sample  could  be  lowered  by  increasing  the  flow  of  helium  and  increased  by  applying  a 
current  to  the  heater  element.  During  measurements,  the  sample  holder  and  cryostat 
units  were  placed  inside  a  shroud  equipped  with  optical  windows  in  the  spectrometer 
chamber.  The  pressure  inside  of  this  shroud  was  kept  below  10-7  Torr  to  prevent 
the  formation  of  ice  on  the  cryostat  or  the  surface  of  the  sample.  Since  sample  and 
mirror  were  on  opposite  sides  of  the  sample  holder,  measurements  of  the  sample  and 
mirror  spectra  were  possible  by  simply  rotating  the  cryostat  assembly  by  ISO0.  The 
final  step  was  to  take  the  ratio  of  these  two  spectra  to  obtain  the  reflectance  of  the 
sample. 

Normalization  Procedure  of  the  Reflectance 

After  measuring  the  temperature  dependence  in  the  reflectance  of  the  sample, 
the  final  normalizing  of  the  reflectance  was  obtained  by  taking  a  final  room  temper- 
ature spectrum,  coating  the  sample  with  a  film  2000  A  thick  of  Al,  and  remeasuring 
this  coated  surface.  A  properly  normalized  room-temperature  reflectance  was  then 
obtained  after  the  reflectance  of  the  uncoated  sample  was  divided  by  the  reflectance 
of  the  coated  surface  and  the  ratio  multiplied  by  the  known  reflectance  of  Al.  This 
result  was  then  used  to  correct  the  reflectance  data  measured  at  other  temperatures 
by  comparing  the  two  room-temperature  spectra  taken  in  the  two  separate  runs.  This 
procedure  corrected  for  any  misalignment  between  the  sample  and  the  mirror  used 
as  a  temporary  reference  before  the  sample  was  coated  and  more  importantly,  it  pro- 
vided a  reference  surface  of  the  same  size  as  the  actual  sample  area.  In  cases  where 
the  sample  surface  had  some  roughness,  the  procedure  also  corrected  for  losses  due 
to  a  nonspecular  sample  reflectance. 
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Data  Analysis  of  the  Spectra:  The  Kramers-Kronig  Transformations 
The  power  reflectance  measured  in  the  experiment  is  related  to  the  amplitude 
reflectivity  which  contains  information  about  the  optical  absorption  in  the  sample. 
For  normal  incidence,  the  amplitude  reflectivity  is  given  by 


=  (»-!)+»;*  (25) 

V    '       (n  +  l)  +  i/c'  V     ' 


where  n  and  k  are  the  real  and  imaginary  parts  in  the  complex  refractive  index  of  the 
sample  under  consideration.  Information  about  these  quantities  can  be  obtained  by 
noting  that  the  power  reflectance  R(to)  is  related  to  the  amplitude  reflectance  r(u>) 
in  the  following  way: 

r(u)  =  p(ui)expiQ(u),  (26) 

where  Q(u>)  is  the  phase  shift  in  the  light  upon  being  reflected  from  the  sample  and 
piyj)  is  related  to  the  power  reflectance  R(uj)  by 

R(u)  =  p\u).  (27) 

Since  the  amplitude  reflectance  and  the  phase  shift  are  the  real  and  imaginary  parts  of 
a  response  function  respectively,  they  can  be  related  by  means  of  the  Kramers-Kronig 
transformations.143'144  Hence,  the  phase  shift  can  be  obtained  from  the  Kramers- 
Kronig  integral 

.rhjM-MMi/|  (28) 

T  JO  U-  -  <Jl 

In  principle,  knowledge  of  the  phase  shift  is  only  possible  if  the  power  reflectance  is 
known  over  an  infinite  range  of  frequencies.  In  reality  R(uj)  is  only  measured  over  a 
finite  frequency  range,  so  there  are  certain  approximations  that  must  be  taken  before 
evaluating  the  integral  in  Eq.  28.  In  first  place,  it  should  be  noticed  that  for  u'  <C  w, 
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u>'  ^>  w,  and  for  the  regions  where  R(oj)  is  flat,  there  are  negligible  contributions 
to  the  integral  in  Eq.  28.  This  implies  that  for  the  frequencies  where  R(u)  is  not 
available,  it  is  possible  to  make  extrapolations  that  would  not  affect  very  much  the 
results  for  the  range  for  which  R(oj)  is  known.  The  kind  of  extrapolations  that  can 
be  made  depend  on  the  type  of  material  under  consideration,  as  it  will  be  discussed 
in  the  next  section. 

High-Frequency  and  Low-Frequency  Extrapolations 

For  metals  and  insulators  the  high  frequency  reflectance  is  usually  dominated 
by  interband  transitions  of  the  inner  core  electrons  to  excited  states.  Only  at  very 
high  frequencies  (above  100,000  cm-1)  the  free-electron  behavior  becomes  important. 
In  the  absence  of  any  published  data  that  can  be  append  to  the  existing  data,  the 
reflectance  in  the  interband  region  is  usually  modeled  using  to  the  formula 


R{u>)  =  Rf(^Y,  (29) 


where  Ry  and  uif  are  the  reflectance  and  frequency  of  the  last  data  point  measured 
in  the  experiment.  The  exponent  s  is  a  number  that  can  take  up  values  between  0 
and  4.  At  very  high  frequencies  (w«),  where  the  free-electron  behavior  sets  in,  the 
approximation  used  is 

R(u)  =  RS,{^)\  (30) 

u 

It  is  still  expected  some  dependence  on  the  results  for  frequencies  close  to  the  last 
frequency  measured  on  account  of  the  choice  of  s  and  u>f>.  (for  metals  this  happen 
for  frequencies  above  the  plasma  edge  minimum.)  At  low  frequencies,  the  scheme  for 
extrapolation  depends  on  the  properties  of  the  material  under  study.  In  the  situations 
were  the  solid  exhibits  insulating-like  behavior,  the  reflectance  is  assumed  constant  to 
dc.  In  the  case  of  metals,  the  formula  generally  used  is  the  so-called  Hagen-Rubens 
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relation,  R(u>)  —  1  —  A^/u,  where  A  is  a  constant  determined  by  the  reflectance  of  the 
lowest  frequency  measured  in  the  experiment.  For  high-Tc  samples,  it  is  found  this 
procedure  results  inadequate  and  it  can  only  be  used  as  a  first  approximation.  A  more 
appropriate  procedure  is  to  fit  the  reflectance  using  a  Lorentz-Drude  model  where  the 
free-carrier  response  is  assumed  to  have  the  the  typical  Drude  form.  Other  higher 
frequency  excitations  are  modeled  by  Lorentz  oscillators.  The  fitted  reflectance  is 
used  as  an  extension  below  the  lowest  frequency  that  was  measured  in  the  experiment 
before  the  Kramers-Kronig  analysis  is  finally  performed  on  the  data. 

In  the  superconducting  state,  it  is  expected  that  the  reflectance  will  approach 
unity  for  frequencies  close  to  zero.  An  empirical  formula  that  has  been  found  to  rep- 
resent the  way  R  approaches  unity  is  R  =  1  —  But  ,  where  B  is  a  constant  determined 
from  the  lowest  frequency  measured.  It  should  be  pointed  out  that  typical  uncer- 
tainties in  R(uj)  are  in  the  order  AR  =  ±0.5%.  Hence,  the  propagated  error  in,  for 
example,  the  optical  conductivity  <Ji(u;)  obtained  from  the  Kramers-Kronig  analysis 
of  the  reflectance  is  roughly 

Acri  1       AR 


ax      '  1  -  R    R 


(31) 


It  is  clear  the  RHS  of  Eq.  31  diverges,  or  the  signal  to  noise  ratio  is  very  small  as  R 
approaches  unity.  Implications  of  this  in  the  high-T"c  materials  will  be  discussed  later. 

Optical  Constants 

Once  the  proper  extrapolations  are  made  and  the  phase  shift  is  obtained,  the 
optical  constants  of  the  material  are  easily  obtained  by  means  of  the  formulae  that 
follow.  The  frequency  dependent  refractive  index  n  and  extinction  coefficient  «(w) 
are  given  by 

niio)  =  ,  (62) 

l+i2(w))-2v/SH)cos©H 
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and 

«H  = h/m^m pa) 

l  +  R{u))-2y/R(u)jcose(L>) 
respectively.  These  relationships  can  be  re-written  in  terms  of  the  dielectric  function 
e(u;)as 

e  =  N2  =  (n  +  inf.  (34) 

where  the  real  (e\(u>))  and  imaginary  (eo(u;))  parts  are  obtained  from 

ei(u;)  =  n2-K2  (35) 

and 

C2(w)  =  2iik.  (36) 

Other  important  relations  are  the  real  and  imaginary  parts  of  the  optical  conductivity 
c(w),  the  skin  depth  6(u>),  and  the  absorption  coefficient  a(tu): 


'  o\  =  a;e2/47r , 

cro  =  w(l  —  ei)/47r ,  ,     „ 

2  3?) 

o  =  c/u;ac  , 

t    a  =  2uk/c  . 


All  these  equations  reflect  the  fact  that  the  absorptive  (real)  and  inductive  (imagi- 
nary) parts  of  a  process  are  all  related  to  each  other  due  to  the  causality  requirement 
in  the  Kramers-Kronig  relations. 

Sample  Preparation  Techniques 
This  section  will  provide  a  brief  discussion  of  the  sample-preparation  techniques 
that  were  employed  in  making  the  samples  used  in  this  study. 
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YBaoCu.tQ7   g  Single-Domain  Crystal 

Untwinned  crystals  of  YBa2Cu307_j  that  were  used  in  this  study  were  prepared 
at  the  University  of  Illinois  in  Urbana-Campaign  by  J. P.  Rice  and  D.M.  Ginsberg. 
The  samples  were  grown  using  a  standard  Cu— O  flux  growth  procedure.  One  dis- 
advantage of  this  method  is  that  micro  twinning  develops  in  the  crystals  together  with 
the  transition  from  the  tetragonal  phase  at  high  temperatures  to  the  orthorhombic 
phase  at  room  temperatures.  This  twinning  happens  because  of  randomly  oriented 
mechanical  stress  present  during  the  slow-cooling  segment  from  temperatures  around 
850  °C.  In  order  to  avoid  development  of  twinning  the  slow-cooling  process  was 
interrupted  by  pulling  the  sample  out  of  the  furnace.  Evidence  for  the  quenching  in 
the  tetragonal  phase  was  obtained  by  looking  isotropic  extinctions  on  the  ab  plane 
of  the  samples  under  a  microscope  with  crossed  polarizers  in  reflectance  mode. 
The  tetragonal  crystals  were  then  oxygenated  during  a  post-growth  procedure  that 
converted  them  to  the  orthorhombic  phase  having  sharp  superconducting  transitions 
near  90  K.  Since  the  crystals  were  not  subjected  to  any  mechanical  stress  in  the 
process  of  converting  them  from  tetragonal  to  orthorhombic,  there  was  a  reduced 
possibility  of  creating  dislocations  or  defects  that  otherwise  may  affect  the  intrinsic 
properties  in  the  material.  Typical  crystals  with  single-domain  regions  of  1  x  1  mm" 
were  obtained  every  third  or  fourth  successful  attempt.  The  dimension  along  the  c 
axis  was  approximately  25  /im.  Determination  of  the  a  and  b  axes  in  all  the  crystals 
was  done  by  the  sample  grower  before  the  samples  were  sent  to  this  author.  The 
superconducting  transition  temperature,  as  determined  by  cooling  the  sample  in  a 
field  of  10  G,  was  around  90  K.  Fig.  19  shows  the  Meissner  fraction  measured  for  a 
crystal  grown  with  this  technique  for  the  applied  field  parallel  to  the  a  and  b  axes. 
Clearly,  the  anisotropy  of  the  Meissner  fraction  in  the  ab  plane  is  much  larger  than 
the  scatter  in  the  data.      The  data  show  that  the  field-cooled  diamagnetic  response 
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(Meissner  effect)  is  larger  when  the  field  is  applied  along  b  axis  than  when  it  is  applied 
along  the  a  axis.  This  indicates  that  flux  pinning  is  larger  when  the  field  is  along  the 
chain  direction. 
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Fig.    19.        Meissner    effect    measurements    on    single-domain    crystals    of 
YBa2Cu307_«(After  Ref.  17). 


A  qualitative  analysis  of  the  data  suggests  that  the  critical  current  density  (Jc)  is 
larger  perpendicular  to  the  chain  direction  than  parallel  to  it  (Jca  >  Jcj).  Studies  of 
the  a6-plane  anisotropy  in  the  dc  resistivity,16  performed  on  crystals  from  the  same 
batch  have  given  some  interesting  results  regarding  the  effect  of  the  chains  in  the  dc 
transport  properties.  These  results,  which  are  shown  in  Fig.  20,  indicate  the  a&-plane 
anisotropy  ratio  in  the  dc  resistivity  is  around  2.2  with  the  lower  resistivity  being 
parallel  to  the  b  axis.  This  may  suggest,  to  a  first  approximation,  that  the  CuO 
chains  provide  an  additional  electronic  channel  for  conductivity  along  this  direction, 
assuming  that  the  chain  conductivity  can  be  additive  to  conductivity  of  the  Cu02 
planes.  Raman  scattering  data151  have  also  given  indication  of  a  stronger  electronic 
background  for  polarization  of  the  light  parallel  to  the  chain  direction  in  this  material. 


65 


c 
E 


Somple 

-i     i — — i — i — — — i — i — i 

A 

'    <°c 

c* 

'       ^0 

Jjr 

■     '  Pb 

orf"rf»°                                 •»•" 

* 

^                                           ^" 

i  |||B^ 

■#—■                                           .^- 

^ 

.^ 

1 

^r^***^                                                                                          -"*" 

B 

a      ^^^ 

L-— ■■" 

■*»•**** 

r^ 

J 1 1 1 1 1 

200 
175 
ISO 
125 


100* 


75    100    125    150    175   200   225   250   275 

T(K) 

Fig.  20.    Resistivity  anisotropy  in  single-domain  crystals  of  YBa2Cu307_« 
(After  Ref.  16). 


In  addition,  there  is  indication  of  anisotropy  in  the  Raman-active  phonon  lines  for 
the  two  polarizations  in  the  ab  plane. 

BbSr^CaCmOs  Single-Domain  Crystals 

The  Bi2Sr2CaCu208  crystals  used  in  the  study  were  grown  by  R.  Kelley  and  M. 
Onellion  at  the  University  of  Wisconsin  in  Madison,  Wisconsin.  The  technique  used  is 
a  flux  method  with  slow  cooling  in  a  temperature  gradient.152  In  a  typical  experiment, 
the  starting  materials,  Bi203,  SrC03,  CaCOs,  and  CuO  are  ground  and  placed  in  an 
alumina  crucible.  The  mixture  is  then  heated  to  a  temperature  of  50— 70  °C  above 
the  liquidus  temperature  and  equilibrated  for  6  hrs.  The  temperature  is  subsequently 
lowered  to  875—880  °C,  and  after  reaching  equilibrium  for  6  hrs,  the  temperature  is 
slowly  cooled  at  0.5-2  C/h  to  820  °C  where  the  experiment  is  terminated.  Samples 
are  subsequently  annealed  in  dry  oxygen  at  600  °C  for  8  h  an  later  reannealed  in 
Argon  at  750  °C  for  a  period  of  12  hrs. 

Typical  crystals  are  thin  platelet  with  dimensions  of  a  few  millimeters  in  the 
ab  plane.    Identification  of  the  a  and  b  axes  was  done  by  the  sample  grower  using 
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low  electron  energy  diffraction  (LEED)  techniques.  The  incomemsurate  superlattice 
modulation  pattern  was  seen  along  the  b  axis  and  not  in  the  perpendicular  direction 
(a  axis),  suggesting  the  samples  were  single-domain  crystals.  The  alignment  of  the 
principal  axes  in  the  crystal  was  confirmed  by  observing  the  extinction  points  when 
the  sample  was  rotated  under  a  microscope  (Olympus,  model  BHM)  with  crossed 
polarizers.  Meissner  effect  measurements  were  performed  on  one  of  the  samples  to 
determine  the  superconducting  state  transition  temperature.  The  results,  which  are 
shown  in  Fig.  21,  reveal  the  onset  of  superconductivity  is  around  86  K.  Moreover, 
the  onset  to  the  superconducting  state,  as  determine  by  using  four-probe  resistance 
measurements,  is  around  91  K,  with  a  transition  width  of  5—6  K.  Results  of  the 
resistivity  tensor  along  the  a,  b,  and  c  axes  on  these  crystals  are  reported  in  Chapter 
IX. 
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Fig.  21.    Meissner  effect  measurements  on  a  BioS^CaCuoOs  single  crystal. 
The  orientation  of  the  magnetic  field  is  H  _L  c  axis. 
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La<?Cu044-*  Single  Crystal 

This  dissertation  contains  an  optical  study  performed  on  an  oxygen-doped 
La2Cu04_|_,5  single  crystal  prepared  at  the  University  of  Iowa  by  F.C.  Chou  and  D.C. 
Johnston.  A  stoichiometric  single  crystal  of  La2Cu04  was  prepared  using  a  self-flux 
method.150  The  as-grown  crystal  was  insulating.  The  oxidation  procedure  was  carried 
out  using  a  electrochemical  cell151  with  the  La2Cu04  sample  as  one  of  the  working 
electrodes.  A  platinum  wire  working  as  the  negative  electrode  was  attached  to  one  side 
of  the  crystal  using  silver  paint  and  the  contact  was  fully  covered  with  silicone  rubber. 
The  set-up  of  the  electrochemical  cell  was  LaoCuC^/  IN  NaOH  /  Pt.  Charging  up 
of  the  cell  was  done  by  applying  an  anodic  current  of  10  ^A  to  the  La2Cu04  crystal 
for  a  period  of  two  months.  In  order  to  optimized  the  oxidation  current,  an  constant 
electrical  potential  of  0.6  V  (versus  a  Ag— AgCl  reference  electrode  )  was  maintained 
during  the  charging  process  using  a  potentiostat.  The  exact  oxygen  content  of  this 
particular  sample  after  the  oxidation  was  completed  is  not  known.  Calculations  based 
on  the  gained  weight  could  not  be  used  because  small  pieces  of  the  crystal  were  lost 
during  handling.  Meissner  effect  data,  which  are  shown  in  Fig.  22,  indicate  the  onset 
of  superconductivity  is  at  around  40  K.  A  comparison  of  this  with  the  onset  of  other 
samples  of  known  oxygen  concentration  suggests  the  excess  oxygen  should  be  around 
8  ~  0.12.  The  sample  that  was  provide  to  us  contained  two  optically-smooth  faces. 
On  face  contained  the  ab  plane  and  the  c  axis,  so  with  the  help  of  a  polarizer,  it  was 
possible  to  study  the  anisotropy  between  these  two  directions.  The  other  face  that 
was  studied  only  contained  the  twinned  a6-plane  direction. 


68 


5 

0 

-5 

~      -10 
&? 

x      -15 

*       -20 

-25 

-30 

-35 

50 
0 
-50 
-100 
-150 
-200 
-250 


T      I      I      I      I      I      I      I — I — | — I — I — I — I — | — I      I      I — I — | — I — I — I — I — | — I — I — I — 

La  CuO  (a) 

2         4+6  H  //  ab 

crystal  B 


H//c     ■  H  =  2  0e 

I    '    I — l—i — i_j — i — I i i i i I    i    i    i    i    I    i    i    i    i    I    i    i    i    i 


0  10  20  30  40  50  60 

T(K) 

•    ■    •    ■    |    ■    »    "    r~|    i    i    i    i — |    i    i    i    i — |— i — i    i    i — | — i    i    i    i 


J£ 


La  CuO 

2  4+6 

crystal  B 


(b) 


H//ab   /' 


Fig.  22.    Meissner  effect  measurements  on  La2Cu04+5  single  crystal  (After 
Ref.  155). 


CHAPTER  V 
OPTICAL  STUDY  OF  La2Cu04+«  SINGLE  CRYSTAL 

In  this  chapter,  the  optical  properties  of  the  ab  plane  and  the  c  axis  of  supercon- 
ducting La2Cu04_)-5  are  described.  The  material  is  transformed  from  its  insulating 
state  by  electrochemical  insertion  of  oxygen.  The  sample  was  prepared  at  Iowa  State 
University  by  F.C.  Chou  and  D.  Johnston  in  collaboration  with  S-W.  Cheong  from 
AT&T  Bell  Laboratories.  Although  the  exact  oxygen  content  is  not  known  in  this 
sample,  it  is  estimated  to  be  6  ~  0.11  from  comparison  of  the  observed  Tc  of  40  K 
with  other  samples  of  known  concentration.152 

Optical  absorption  studies  of  the  stoichiometric  parent  compound  La2Cu04  have 
revealed  this  is  a  charge  transfer  insulator  having  marked  anisotropy  in  both  phonons 
and  electronic  features  for  polarization  of  the  light  parallel  and  perpendicular  to  the 
Cu02  planes  in  the  system.52,53'69'153-155  Most  of  the  optical  investigations  of  super- 
conducting materials  derived  from  this  parent  compound  have  been  on  the  Sr-doped 
La2_ISr2;Cu04.28'58'69'72'156  A  review  of  some  of  these  studies  was  done  in  Chapter 
III.  In  this  system,  a  maximum  Tc  in  the  order  of  35  K  is  obtained  by  substituting 
15%  of  the  La  atoms  by  Sr.  In  addition,  superconductivity  is  also  obtained  when  ad- 
ditional oxygen  is  intercalated  in  the  crystal  structure  of  La2Cu04.  Normally,  oxygen 
intercalation  is  obtained  by  annealing  the  sample  at  high  temperatures  (~  500  °C) 
in  an  oxygen-rich  environment.33'34  In  spite  of  its  success,  there  are  two  major  draw- 
backs in  producing  superconducting  samples  using  this  technique.  In  first  place,  there 
is  the  requirement  of  extremely  high  oxygen  partial  pressures  (~25  kbar)  in  order  to 
produce  single-phase  superconducting  samples.  Secondly,  the  maximum  amount  of 
oxygen  that  can  be  intercalated  is  not  too  high  (~  S%).    Difficulties  in  producing 
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uniformly  oxidized  samples  could  be  one  of  the  reasons  why  reports  on  the  optical 
investigation  of  oxygen-doped  samples  of  this  material  have  been  limited  to  lightly 
doped  nonsuperconducting  samples.64'69'154  Recent  developments  in  electrochemical 
techniques  have  made  possible  the  synthesis  of  uniformly  oxidized  samples  with  rel- 
atively high  oxygen  content  (8  ~  0.12)  and  transition  temperatures  near  40  K.152'158 
Details  of  this  technique  were  given  in  Chapter  IV  (p.  67). 
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Fig.  23.  Sketch  of  the  sample  with  the  two  faces  that  were  used  to  measured 
the  reflectance  on  the  L^CuC^-^  single  crystal. 


Results  of  reflectance  studies  of  this  oxygen-doped  sample  were  obtained  from 
two  faces  of  the  crystal.  One  of  the  faces  (the  face  labeled  I  in  Fig.  23)  contains 
both  the  c-axis  and  either  the  a-  or  i-axis  direction  (on  account  of  twinning,  we  were 
unable  to  distinguish).  Face  I  allowed  us,  with  the  use  of  linearly  polarized  light, 
to  probe  the  optical  response  of  the  c  axis  [001]  as  well  as  the  a6-plane  response. 
The  frequency  range  covered  was  50—32,000  cm-1.  The  far-infrared  and  midinfrared 
spectral  regions  (50—3000  cm-1)  were  measured  at  several  temperatures  above  and 
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below  the  superconducting  transition  temperature.  As  in  the  undoped  material,  the 
spectrum  along  the  c  direction  is  mainly  dominated  by  optical  phonons  and  no  evi- 
dence of  metallic  component  is  found  in  the  optical  conductivity.  At  the  same  time, 
the  a6-plane  response  shows  metallic  reflectance  in  the  far  infrared  and  a  plasma  edge 
around  w  ~  7500  cm     . 

The  second  face  that  was  measured,  the  face  II  in  Fig.  23,  provided  an  aver- 
age of  the  ai-plane  response.  Optical  reflectance  was  measured  in  a  frequency  range 
that  extended  from  the  far-infrared  and  near-ultraviolet  spectral  regions  (80—38,000 
cm  ).  Temperature  dependence  measurements,  above  and  below  Tc,  were  also  car- 
ried out  in  the  same  range  of  frequencies.  A  Kramers-Kronig  analysis  of  the  afr-plane 
reflectance  reveals  the  unusual  non-Drude  behavior  in  the  midinfrared  conductivity 
o"i(u;)  that  is  typical  of  the  copper-oxide  superconductors.  For  frequencies  in  the  near 
infrared  and  above,  a  rather  unusual  temperature  dependence  was  observed  in  the  op- 
tical reflectance  of  the  sample.  In  addition  to  the  expected  sharpening  of  the  plasma 
edge  at  7500  cm-1,  the  reflectance  became  gradually  lower  as  the  temperature  of 
the  sample  was  lowered.  This  result  may  suggest  a  temperature  dependence  in  some 
high-frequency  interband  transitions. 

Moreover,  the  reflectance  displays  some  structures  in  the  far-infrared  region  that 
are  not  present  when  the  a6-plane  reflectance  is  measured  on  face  I  of  the  crystal.  A 
comparison  of  the  sum  rule  in  both  cases  reveals  that  the  differences  in  both  spectra 
are  not  likely  due  to  different  oxygen  compositions  in  both  surfaces  of  the  sample. 
Instead,  the  differences  are  most  likely  due  to  electron-phonon  interactions  that  are 
enhanced  when  the  wavevector  of  the  incident  light  is  parallel  to  the  c  axis  in  the 
sample. 
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Fig.  24.  Reflectance  of  La2Cu04+^  single  crystal  for  light  polarized  along  the 
ab  plane  and  the  c  axis  (T  =  300  K). 


c-Axis  Reflectance  of  La9Cu04+^ 

Room  Temperature  Spectra 

Figure  24  shows  the  room  temperature  reflectance  for  light  linearly  polarized 
parallel  and  perpendicular  to  the  c  axis  of  the  sample.  The  results  show  a  dramatic 
anisotropy  for  the  in-plane  and  out-of-plane  optical  properties,  just  as  it  has  been 
reported  in  Sr-doped  superconducting  samples  derived  from  the  stoichiometric  parent 

compound.28'69-156'158 

The  c-axis  reflectance  has  the  character  of  an  insulator  at  low  frequencies.  This 
reflectance  is  mainly  dominated  by  four  optical  phonons  in  the  far  infrared.  For  higher 
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frequencies,  the  spectrum  is  almost  featureless,  showing  only  a  broad  electronic-like 
feature  whose  maximum  is  around  u>  ~  5500  cm-1.  The  spectrum  is  almost  un- 
changed with  respect  to  the  c-axis  spectrum  of  the  undoped  material.  However,  there 
is  a  weak  structure  that  appears  just  below  the  peak  of  the  phonon  mode  at  512  cm  . 
This  structure,  which  is  not  present  in  the  stoichiometric  material,52'54  is  resolved  as 
a  second  phonon  mode  as  the  temperature  of  the  sample  is  lowered.  More  discussion 
about  this  will  be  given  later. 
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Fig.   25.      Room  temperature  optical  conductivity  o\(uj)  obtained  from  a 
Kramers-Kronig  analysis  of  the  reflectance  shown  in  Fig.  24. 


The  reflectance  spectrum  perpendicular  to  the  c  axis  (in-plane  electric  field)  ex- 
hibits a  metallic-like  behavior  at  low  frequencies.  Weak  phonon  features,  that  are  not 
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completely  screened  out  by  the  free  carriers  in  the  Cu02  planes  are  also  visible  in 
the  far  infrared.  The  real  part  of  the  conductivity  a\(u>),  obtained  from  a  Kramers- 
Kronig  analysis  of  the  reflectance,  is  shown  in  Fig.  25.  Here,  the  phonon  modes  and 
the  electronic-like  features  are  more  easily  seen.  The  results  presented  here  indicate 
that  oxygen  doping  in  the  lanthanum  cuprate  only  affects  the  electronic  excitations 
related  to  the  copper-oxide  planes  in  the  system.  Similar  conclusions  regarding  the 
two  dimensionality  of  the  electronic  properties  in  the  copper-oxide  superconductors 
have  also  been  drawn  from  measurements  on  YBaoCuaOj-^  and  BioS^CaC^Os  ma- 
terials.25-27-29'57 

Low  Temperature  c-Axis  Reflectance 

Figure  26  displays  the  reflectance  in  the  infrared  region  along  the  c-axis  direction 
as  a  function  of  temperature.  As  the  sample  is  cooled  down,  the  phonon  lines  become 
sharper,  as  expected.  The  structure  that  appears  in  the  room  temperature  spectrum 
just  below  512  cm-1  is  more  clearly  resolved  as  a  phonon  mode  at  492  cm-1.  This  is 
not  present  in  the  c-axis  spectrum  of  either  undoped  or  Sr-doped  samples.5"' 

At  the  low-frequency  end,  we  notice  all  spectra  above  Tc  approach  a  constant  value 
for  the  reflectance.  This  is  indicative  of  semiconducting  behavior.  On  the  other  hand, 
the  inset  in  Fig.  26  shows  the  data  at  the  lowest  temperature  show  a  downward  trend 
towards  low  frequencies  that  is  not  present  in  the  data  above  Tc.  This  trend  is  most 
likely  correlated  with  the  appearance  of  a  plasmon  minimum  in  the  superconducting- 
state  reflectance  as  was  first  observed  in  the  c-axis  spectrum  of  Lao-jS^CuC^  by 
Tamasaku  et  a/.58  In  this  study,  it  was  found  the  minimum  forms  part  of  a  reflectance 
edge  that  is  related  to  the  formation  of  a  superfluid  condensate  that  provides  coherent 
charge  transport  across  the  Cu02  planes  in  the  superconducting  state  of  Sr-doped 
samples.  A  formula  that  has  been  proposed58'159  would  account  for  the  contribution 
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Fig.  26.     Temperature  dependence  in  the  c-axis  reflectance  of  LaoCuO^^ 
single  crystal. 

of  this  condensate  to  the  dielectric  function  can  be  written  as: 


e(w) 


~L0 


ps 


cj(w  +  iO+)' 


(38) 


where  tops  represents  the  oscillator  strength  of  the  superconducting  condensate  and 
i0+  is  the  scattering  rate  that  tends  to  zero  as  the  the  mean  free  path  becomes  infinite 
in  the  superconducting  state.  Equation  38  resembles  the  contribution  a  condensate 
that  gives  rise  to  a  ^-function  peak  at  u  =  0.   Doping  dependence  studies58  suggest 
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the  reflectance  edge  associated  with  this  condensate  moves  toward  lower  frequencies 
as  the  doping  level  in  the  sample  is  decreased.  In  order  to  fit  this  edge  in  our  data, 
we  used  a  condensate  oscillator  strength  with  ups  ~  85  cm-1.  A  comparison  of  this 
value  with  the  results  presented  by  Tamasaku  et  a/.58  for  one  of  their  Sr-doped  samples 
indicates  that  the  effective  oxygen  doping  is  (8  ~  0.11),  and  that  the  reflectance  edge 
should  appear  around  u>  ~  20  cm  in  the  present  sample.  Due  to  the  small  sample 
size,  the  lowest  frequency  measured  in  the  present  experiment  was  around  33  cm-1. 
This  would  explain  why  the  edge  was  not  observed  in  the  present  experiment. 

Assignment  c-Axis  Phonons 

Let  us  turn  our  attention  to  a  quantitative  analysis  of  the  phonon  modes  shown 
in  Fig.  26.  In  order  to  perform  a  Kramers-Kronig  analysis,  the  reflectance  at  the  low- 
frequency  end  was  kept  constant,  as  is  customary  for  insulators.  On  the  other  hand, 
the  positive  slope  of  R(u>)  below  Tc  at  low  frequencies,  required  us  to  use  Eq.  3S  as 
a  low-frequency  extension.  The  procedure  followed  for  high-frequency  extrapolation 
is  as  described  in  Chapter  IV.  The  results  of  the  Kramers-Kronig  analysis  performed 
on  the  data  are  shown  in  Fig.  27.  The  top  panel  of  this  figure  shows  the  optical 
conductivity,  while  the  bottom  panel  shows  Im(-l/e)  both  at  several  temperatures. 
This  analysis  reveals  that  the  c-axis  conductivity  is  dominated  by  a  total  of  four 
infrared-active  modes  centered  at  230,  340,  492,  and  512  cm  .  A  comparison  of  these 
frequencies  with  other  optical  studies52'54'69  of  the  c-axis  spectrum  in  undoped  and  Sr- 
doped  samples  of  LaoCuG^  indicates  good  agreement  with  the  first  two  phonon  modes. 
However,  in  those  studies  only  one  mode  is  observed  at  ~  501  cm-1 .  Group  theoretical 
analyses161'162  indicate  that  modes  of  ionic  displacements  (q  =  0)  along  the  c  axis 
in  the  nearly  tetragonal  structure  of  La^CiiO.}-^  will  have  the  A^u  symmetry.  In 
particular,  calculations  of  the  eigenfrequencies  by  Mostoller  et  a/.,161  using  a  shell 
model  in  the  undoped  unit  cell,  give  modes  with  Aou  symmetry  at  242,  361,  and  491 
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Fig.  27.  Optical  conductivity  (upper  panel)  and  loss  function  (bottom  panel) 
along  the  c  axis  of  LaoCuO^s  at  several  temperatures.  The  peaks  in  these 
quantities  determine  the  TO  and  LO  phonon  frequencies  respectively. 
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cm"  .  The  eigenvector  for  the  latter  mode  at  491  cm"1  involves  in-phase  vibrations 
of  the  apical  oxygens  above  and  below  with  respect  to  the  four  oxygen  atoms  in  the 
plane.  Based  on  this,  the  present  data  suggest  that  the  presence  of  two  modes  at 
492  cm-  and  512  cm  is  most  likely  associated  with  the  incorporation  of  additional 
oxygen  atoms  in  the  structure.  These  additional  oxygens,  which  are  located  in  or 
between  the  LaO  layers,  may  provide  two  slightly  different  force  constants  between 
the  apical  oxygens  and  the  Cu02  layers. 

A  quantitative  analysis  of  the  intensity  and  linewidth  for  each  phonon  mode  as 
a  function  of  temperature  can  be  done  by  modeling  the  reflectance  using  a  dielectric 
function  model  consisting  of  four  Lorentz  oscillators  plus  a  core  dielectric  constant 
Cqo  to  account  for  contributions  at  higher  frequency.  The  formula  is 


e  u; 


)  =  £"! f-^— +  *o,  (39) 


j=l  UJ   -  W"  ~  l"lj 


where  each  term  in  the  sum  corresponds  to  an  optical  phonon  with  upj,  u>j,  and  7y 
being  the  intensity,  center  frequency  and  damping  of  each  mode  respectively.  The 
top  panel  of  Fig.  28  shows  the  temperature  dependence  of  jj  obtained  from  a  fit 
to  the  reflectance  at  each  temperature  using  Eq.  39.  The  bottom  panel  shows  the 
corresponding  oscillator  strength  (u>pj)  for  the  j  phonon  mode.  The  results  shown 
in  Fig.  28  indicate  that  most  of  the  temperature  dependence  in  the  reflectance  is 
the  result  of  a  reduction  in  jj  (increase  in  the  lifetime)  as  the  temperature  of  the 
sample  is  decreased.  This  is  what  should  be  expected,  since  at  low  temperatures,  the 
thermal  motion  of  the  atoms  in  the  structure  will  be  frozen  out.  This  diminishes  the 
chances  of  scattering  among  the  atomic  vibrations  in  the  crystal.  The  results  show 
some  saturation  in  jj  below  60  K  and  no  anomaly  is  observed  in  the  superconducting 
state  data.  On  the  other  hand,  both  the  phonon  intensities  and  center  frequencies  do 
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Fig.  28.  Temperature  dependence  of  the  phonon  parameters  showing  the 
linewidth  jj  (upper  panel)  and  the  oscillator  strength  u>pj  (bottom  panel) 
obtained  from  Lorentz-model  fit  to  the  reflectance. 
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not  show  any  significant  temperature  variation  in  the  measured  range;  only  the  mode 
at  340  cm-  exhibits  some  systematic  hardening  as  the  temperature  is  lowered.  The 
center  frequency  for  this  mode  goes  from  340  cm-1  at  room  temperature  to  347  cm-1 
at  T  =  10  K. 

Effective  Charge 

The  intensities  (copj)  in  each  phonon  line  are  related  to  the  effective  charge  that 
is  carried  by  each  ion.  To  establish  this  relationship,  the  first  thing  that  should  be 
considered  is  that  each  phonon  mode  splits  into  transverse  (TO)  and  longitudinal 
(LO)  ionic  vibrations  in  the  crystal.  Since  the  TO  frequencies  involve  transverse 
vibrations  of  the  atoms,  they  are  obtained  directly  from  the  peak  position  in  the 
absorption,  i.e.,  the  real  part  of  the  optical  conductivity  (T\(lo).  On  the  other  hand,  the 
LO  frequencies  involve  long  range  changes  in  the  dipole  moment  along  the  direction 
of  propagation  in  the  crystal.  Information  about  the  center  frequencies  of  these  LO 
oscillations  can  be  obtained,  in  principle,  from  the  peak  positions  in  the  loss  function 
Im(-l/e)  as  shown  in  the  bottom  panel  of  Fig.  27.  A  direct  determination  of  the  LO- 
TO  splitting  is  also  possible  by  noting  that  this  splitting  is  related  to  the  oscillator 
strength  of  the  phonon  mode  in  the  context  of  the  Lyddane-Sachs-Teller  relation. 
The  formula  is  written  as 


CJ 


2  I,  .2 


'pj  =  (ulo3  -ufoj)eoo-  (40) 

Table  3  displays  the  parameters  from  a  Lorentz  fit  to  the  room  temperature 
reflectance  along  with  the  TO  and  the  LO  frequencies  derived  from  Eq.  40.  Once  the 
TO-LO  splitting  is  determined  for  each  phonon,  the  effective  charge  of  the  ions  can  be 
estimated  by  using  an  expression  based  on  a  rigid-ion  model  of  lattice  dynamics  that 
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Table  3.  Parameters  of  a  Lorentz  fit  for  the  mea- 
sured c-axis  room  temperature  reflectance  of 
La2Cu04+^. 

Oscillator#        ^TOj         ^LOj  ^pj  Ij 

(cm-1)      (cm"1)       (cm"1)       (cm"1) 


E\\c 

1 

230 

498 

1052 

20 

2 

342 

343 

65 

15 

3 

492 

502 

218 

24 

4 

512 

515 

174 

23 

6qq  =  0.0 

has  been  applied  successfully  to  other  systems  with  ionic  character.        The  formula 


E^-"Jwl-^E^-.  <41> 


is 

2     ,      4tt  y^  {Zef 

lk 

where  j  is  the  sum  over  all  LO-TO  splitting,  V  is  the  volume  of  the  unit  cell  and 
k  is  the  sum  over  all  ions  with  mass  711^  and  effective  charge  Z^.  Since  the  crystal 
must  obey  charge  neutrality:  Ylk  ^k  —  0-  In  general,  Eq.  41  can  not  be  solved  unless 
the  number  of  unknown  parameters  Z).  is  less  than  or  equal  to  two.  In  the  case  of 
LaoCuC^+g,  since  oxygen  is  much  lighter  compared  to  the  other  atoms,  the  right 
hand  side  of  Eq.  41  will  be  dominated,  in  first  approximation,  by  the  term  related  to 
the  oxygen  atoms.  Thus  by  neglecting  all  but  the  oxygen  contributions,  the  result  of 
solving  Eq.  41  will  yield  the  effective  charge  of  oxygen  averaged  over  all  sites.  Such 
procedure  gives  an  effective  charge  for  oxygen  in  the  order  of  Z0  ~  1.28.  Similar 
analyses52,154  carried  out  on  insulating  La2Cu04  samples  yield  an  effective  charge  for 
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oxygen  in  the  order  of  ~  1.1.  The  slightly  higher  value  obtained  here  (14%)  is  most 
likely  due  to  the  insertion  of  additional  oxygen  in  the  structure.  These  results  differ 
from  the  nominal  effective  charge  of  two  expected  for  the  oxygen  in  the  structure  and 
they  indicate  the  high  degree  of  covalency  of  the  bonds  in  the  structure. 

flfi-Plane  Reflectance 
Result  of  the  reflectance  for  polarization  of  the  electric  field  parallel  to  the  Cu02 
is  shown  in  Fig.  24.  As  mentioned  above,  there  is  a  marked  contrast  for  polarization 
of  the  light  parallel  and  perpendicular  to  C11O2  planes.  The  a6-plane  spectrum  ex- 
hibits metallic  behavior  with  optical  phonon  modes  at  low  frequencies  that  are  not 
completely  screened  out  by  the  free  carriers.  At  higher  frequencies,  we  observe  the 
plasma  edge  minimum  at  u>  ~  7500  cm-1.  This  energy  is  not  much  different  than  the 
one  observed  in  Sr-doped  superconducting  samples.  '  For  frequencies  above  the 
plasmon  minimum,  we  see  the  usual  charge  transfer  (CT)  peak  at  ui  ~  11,500  cm-1, 
followed  by  higher  energy  interband  transitions. 

Assignment  qfc-Plane  Phonons 

In  view  of  the  fact  that  the  crystal  structure  in  La2Cu04  is  almost  tetragonal, 
with  only  a  weak  orthorhombic  distortion  that  occurs  at  low  temperatures,  all  phonon 
lines  can  be  classified  under  the  D^  point  group  symmetry.  Therefore,  the  irreducible 
representation  of  the  vibrations  that  involve  in-plane  atomic  displacements  will  cor- 
respond to  the  Eu  symmetry.  Hence,  we  should  expect  four  infrared-active  modes  in 
the  in-plane  spectrum.  In  our  oxygen-doped  sample,  we  observe  a  total  of  six  major 
phonon-like  features  at  SO,  140,  230,  355,  484,  and  6S0  cm-1.  Previous  measurements 
and  assignment  of  the  oi-plane  phonon  modes  of  La2Cu04  indicate  that  only  infrared- 
active  modes  at  ~140,  ~360,  and  ~  690  cm-1  have  been  seen  in  the  spectrum  of  this 
material  with  the  Eu  symmetry.52"54,69'153'154'160  The  greater  number  of  phonon  lines 
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in  the  present  sample  suggests  that  the  assumption  of  a  tetragonal  symmetry  is  only 
good  as  a  first  approximation.  Nonetheless,  the  close  correspondence  of  three  mea- 
sured frequencies  in  our  sample  with  the  assigned  modes  in  La2Cu04  allows  us  to 
conclude  they  indeed  correspond  to  the  Eu  symmetry.  The  low-frequency  mode  at 
140  cm-1  corresponds  to  bending  vibrations  of  the  out-of-plane  atoms  (apex  oxygens) 
against  the  Cu02  planes.154  The  remaining  two  modes  at  355  cm-1  and  680  cm 
are  related  to  bending  and  stretching  vibrations  of  the  Cu— 0  bonds  respectively. 

This  leaves  us  with  the  question  for  the  assignment  of  the  three  remaining  modes. 
Various  Raman  measurements  consistently  show  Raman-active  modes  at  ~  230  cm 
and  ~  445  cm-1  in  the  undoped  material.160'163-165  Moreover,  a  mode  at  ~  90  cm-1 
has  also  been  seen  in  Sr-doped  samples  using  inelastic  neutron  scattering  and 
Raman  measurements.  Based  on  a  tetragonal  structure  for  the  unit  cell,  group 
theoretical  calculations  '  indicate  that  the  mode  at  230  cm  is  double  degen- 
erate with  even  vibrations  that  correspond  to  the  Eg  and  A\g  symmetries.  On  the 
other  hand,  the  frequency  at  ~445  is  related  to  the  A\g  irreducible  representation. 
The  assignment  of  the  mode  at  ~  90  cm-1  is  regarded  as  belonging  to  the  Eg  sym- 
metry. ,160  Hence,  if  a  correlation  is  made  between  the  additional  infrared  modes  in 
this  oxygen-doped  sample  and  the  Raman-active  modes  in  undoped  samples,  it  can  be 
argued  that  doping  in  the  material  lowers  the  crystal  symmetry  making  even  (gerade) 
vibrations  in  the  unit  cell  become  infrared  actives.  One  explanation  for  this  could  be 
that  the  A\g  mode  may  couple  to  electronic  excited  states  of  Eu  symmetry  making 
the  former  infrared  allowed  modes.  Similar  observations  have  been  made  by  Shimada 
et  al.  where  modes  at  ~87,  ~230,  and  ~  460  cm-1  have  been  observed  to  grow  with 
Sr  doping  in  Lao_iSrxCu04  samples.  A  second  explanation  for  the  mode  at  483  cm-1 
might  be  related  to  an  antiresonance  peak  that  should  be  present  at  this  frequency 
due  to  the  proximity  of  the  modes  at  355  cm      and  6S0  cm"  .  This  structure,  as  we 
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Fig.  29.  Measured  temperature  dependence  in  the  a6-plane  reflectance  (face 
II)  of  La2Cu04_|_5  sample.  Inset:  The  reflectance  at  three  selected  tem- 
peratures in  the  near  infrared  and  the  visible. 


will  see  later,  is  enhanced  by  interactions  of  the  electronic  background  with  the  c-axis 
LO  phonon  modes  in  the  sample. 

Low  Temperature  afr-Plane  Reflectance 

Figure  29  shows  the  temperature  dependence  in  the  a6-plane  infrared  reflectance 
measured  on  face  II  of  the  sample.  In  the  far  infrared,  we  observe  an  increase  in 
the  reflectance  that  is  in  accord  with  the  increase  in  the  afr-plane  dc  conductivity 
that  is  observed  in  the  sample.152    Evidence  of  the  orthorhombic  distortion  in  the 
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crystal  lattice  is  also  more  clear  at  low  temperatures  where  weak  splitting  of  the 
phonon  modes  at  140  cm  and  680  cm  are  observed.'"  In  addition,  the  weak 
modes  at  ~  182  cm  and  ~  296  cm  are  more  easily  resolved  at  low  temperatures. 
These  infrared-active  modes  are  visible  in  the  spectrum  since  they  are  not  completely 
screened  by  the  electronic  background. 

The  inset  in  Fig.  29  shows  the  reflectance  at  three  selected  temperatures  in  the 
near-infrared  and  visible.  We  observe  a  marked  temperature  dependence  of  the  re- 
flectance in  this  range.  As  expected,  there  is  a  sharpening  and  steepening  of  the 
plasma  edge  minimum  at  7500  cm  as  the  temperature  of  the  sample  is  reduced. 
At  the  same  time,  the  reflectance  is  reduced  (sample  becomes  more  transparent)  for 
frequencies  in  the  visible  and  above.  A  similar  temperature  dependence  has  been 
observed  in  the  afr-plane  reflectance  of  Lao-xSrzCuC^  thin  film  and  lightly  oxygen- 
doped  L^CuO,^  single  crystals.64  In  contrast  to  the  result  of  the  Sr-doped  thin 
film,  where  a  rather  abrupt  change  is  observed  in  the  reflectance  at  250  K  and  no 
change  below  this  temperature,  the  temperature  dependence  here  is  more  gradual. 
There  are  two  things  that  could  be  said  about  this  temperature  dependence.  In  the 
first  place,  the  fact  that  the  reflectance  is  decreasing  at  lower  temperatures  implies 
there  should  be  a  strong  temperature  dependence  in  the  opposite  direction  in  some 
interband  transition  at  a  higher  frequency. 

This  must  be  the  case  in  order  to  satisfy  the  sum  rule.  Secondly,  this  temper- 
ature dependence  could  be  related  to  the  structural  phase  transition  (tetragonal  to 
orthorhombic)  that  occurs  at  low  temperatures  in  the  lanthanum-based  superconduc- 
tors. Such  transition  is  known  to  be  produced  by  a  small  staggered  tilt  of  the  apical 
oxygens  in  the  Cu06  octahedron.  There  are  two  effects  associated  with  this.  One 
of  them  is  a  doubling  of  the  unit  cell  in  the  orthorhombic  phase.  The  second  is  a 
redistribution  of  the  electronic  density  of  states  near  the  Fermi  surface. 
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Fig.  30.   Temperature  dependence  of  sum  rule  on  a  wide  frequency  range  to 
show  transfer  of  oscillator  strength  from  low  to  high  frequencies. 


Results  of  afr-Plane  Optical  Constants 

This  section  is  devoted  to  present  results  of  the  temperature  dependence  in  the 
ai-plane  optical  properties  of  I^CuO^j+s  obtained  from  a  Kramers-Kronig  analysis 
of  the  reflectance.  The  usual  requirement  of  the  Kramers-Kronig  integrals  to  extend 
the  reflectance  at  the  low-  and  high-frequency  ends  was  done  in  the  following  way. 
The  low-frequency  extension  was  done  by  modeling  the  reflectance  using  a  Lorentz- 
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Drude  model  and  using  the  fitted  results  to  extent  the  reflectance  below  the  lowest 
frequency  measured  in  the  experiment  as  explained  in  Chapter  III  (p.  60).  The 
high-frequency  extrapolation  of  the  room  temperature  results  was  done  by  merging 
the  data,  which  only  extend  up  to  38,000  cm-1  (4.7  eV),  with  published  results  on 
Sr-doped  samples  by  Tajima  et  a/.,168  which  extend  up  to  40  eV.  The  range  beyond 
40  eV  was  extended  with  a  power  law  R~  u>-4,  which  is  the  free-electron  behavior 
limit.  Since  there  is  a  temperature  dependence  in  the  reflectance  all  the  way  up  to 
3S,000  cm  ,  as  the  temperature  of  the  sample  is  reduced,  the  scaling  factor  used  in 
appending  the  data  from  Tajimas  et  al.  to  our  low-temperature  results  was  rescaled 
upward  in  the  range  10—15  eV  and  this  was  joined  with  the  unchanged  data  above  15 
eV  in  order  to  make  the  sum  rule  results  equal  in  the  range  of  frequencies  above  15 
eV.  The  results  of  the  sum  rule,  shown  in  Fig.  30,  suggest  that  what  this  procedure 
does  is  to  transfer  some  of  the  spectral  weight  that  is  missing  in  the  range  where  we 
measured  a  lower  reflectance  to  higher  frequencies.  This  might  suggest  some  strong 
temperature  dependence  that  is  occurring  in  some  interband  electronic  transition  at 
frequencies  much  higher  than  38,000  cm-1.  It  should  be  pointed  out  that  doing 
this  extrapolation  procedure  did  not  make  a  significant  effect  on  the  results  of  the 
Kramers-Kronig  analysis  below  10,000  cm-1  (1.2  eV). 

Loss  Function 

An  second  illustration  of  the  observed  temperature  dependence  is  shown  in 
Fig.  31.  Here  the  imaginary  part  of  —  1/e  is  plotted  vs.  frequency  at  several  temper- 
atures. In  ordinary  metals,  the  peak  position  of  this  function  gives  the  longitudinal 
(LO)  mode  frequency  for  plasma  excitations  of  the  charge  carriers.  The  width  of 
this  peak  is  related  to  the  lifetime  of  these  excitations.  As  will  be  discussed  later, 
the  anomalous  behavior  of  the  optical  conductivity  in  the  high-Tc  materials  does  not 
allow  us  to  make  such  an  assignment  here.    A  direct  consequence  of  the  anomalous 
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absorption  in  the  midinfrared  electronic  background  is  the  broad  width  (~  0.4  eV) 
that  is  observed  in  the  present  results  and  in  nearly  all  copper-oxide  superconduc- 
tors. '  '  Estimates  for  the  screened  plasma  ZTV  ps  up/y/e^,  can  also  be  deduced 
from  the  position  of  this  peak. 
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Fig.  31.  Temperature  dependence  in  the  loss  function. 


In  the  present  sample  ZTV  ~  6300cm-1.  This  frequency  is  nearly  the  same  as 
in  other  Sr-doped  samples  with  similar  doping  level.28,72  The  intensity  of  this  peak 
is  greatly  enhanced  at  low  temperatures,  while  the  position  does  not  show  much 
shifting  as  the  temperature  of  the  sample  is  reduced.  We  also  observed  the  bump 
at  11,500  cm-1  (1.43  eV),  which  is  associated  the  with  charge  transfer  band  in  the 
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Fig.  32.   Real  part  of  the  optical  conductivity  <J\(u)  at  several  temperatures 
in  the  far  and  midinfrared. 


doped  samples,  becomes  more  resolved  and  the  center  position  shifts  slightly  towards 
lower  energies  at  lower  temperatures. 

a5-PIane  Optical  Conductivity 

The  results  of  the  temperature  dependence  in  the  infrared  optical  conductivity 
<7i(u)  are  shown  in  Fig.  32.  These  results  were  obtained  from  face  II  of  the  sample 
.  As  mentioned  before,  any  structure  that  may  be  present  in  the  reflectance  is  more 
easily  resolved  in  the  spectrum  of  o\{u).  We  observe  that,  as  the  temperature  of  the 
sample  is  lowered,  the  phonon  modes  become  sharper.  There  is  also  a  minimum  or 
"notch-like"  structure  in  the  frequency  range  450—500  whose  origin  will  be  discussed 
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later.  Moreover,  the  electronic  far-infrared  background  has  a  strong  temperature  de- 
pendence with  a  steep  enhancement  as  the  sample  is  cooled  down.  This  is  followed 
by  a  more  weaker  temperature  dependence  at  frequencies  in  the  midinfrared.  There 
is  a  reduction  in  the  midinfrared  conductivity  when  cooling  the  sample  from  room 
temperature  down  to  200  K  with  not  further  appreciable  change  below  this  temper- 
ature. This  is  connected  with  the  temperature  dependence  of  the  reflectance  in  the 
near  infrared  and  visible  that  is  observed  in  the  inset  of  Fig.  29.  As  mentioned  earlier, 
this  could  be  due  to  the  phase  transition  from  tetragonal  to  orthorhombic  that  occurs 
in  the  material  at  lower  temperatures.  Similar  results  were  reported  on  a  Sr-doped 
film  by  Gao  et  ah.  Gao  et  al.  found  no  further  temperature  dependence  was  present 
above  300  K.  Similar  check  was  not  done  in  the  present  sample  since  oxygen  could  be 
driven  out  of  the  structure  at  temperatures  above  300  K. 

As  discussed  in  Chapter  IV,  there  are  two  ways  to  analyze  the  optical  conductivity 
<J\{ijo)  in  the  high-Tc  superconductors.  The  two  approaches  are  the  one-  and  two- 
component  models.  Since  the  present  data  strongly  suggest  the  presence  of  two  or 
more  components  to  cri(uj),  we  performed  an  analysis  based  on  a  decomposition  of  the 
conductivity  in  two  parts,  a  Drude  or  free-carrier  part  and  a  midinfrared  contribution. 
Discussion  of  the  results  in  this  analysis  is  done  in  next  section. 

Midinfrared  Component 

The  results  of  the  midinfrared  component,  after  subtracting  the  phonons  and 
free-carrier  contribution  at  zero  frequency,  are  shown  in  Fig.  33  at  several  temper- 
atures. The  scattering  rate  of  the  free-carrier  or  Drude  contribution  shows  a  linear 
temperature  dependence  as  shown  in  Fig.  34,  while  the  oscillator  strength  is  tem- 
perature independent  with  a  magnitude  of  u}p£)  ~  5S00  ±  100  cm-  .  A  fit  of  the 
form  Ti/t  =  2tt\/t  +  1/tq  yields  a  value  for  the  coupling  constant  A  ~  0.25.  The 
midinfrared  part  shows  some  interesting  features  which  are  summarized  next.    The 
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Fig.  33.  Midinfrared  conductivity  of  LaoCuO,}-).^  at  several  temperatures  ob- 
tained after  subtracting  the  Drude-like  contribution  from  the  data  shown 
in  Fig.  32. 


overall  oscillator  strength  of  the  midinfrared  conductivity  appears  to  decrease  as  the 
temperature  of  the  sample  is  decreased  from  room  temperature  down  to  200  K.  A 
less  noticeable  change  is  seen  below  this  temperature.  This  temperature  dependence 
is  connected  with  the  decrease  that  is  seen  in  the  near-infrared  reflectance  shown 
in  the  inset  of  Fig.  29.  Hence,  it  appears  that  some  spectral  weight  is  being  trans- 
ferred to  higher  frequencies,  which  is  also  affecting  a\(u)  in  the  midinfrared.  It  is 
interesting  to  note  that  the  oscillator  strength  of  the  Drude  part,  the  one  that  is  re- 
sponsible for  the  conduction  of  current  in  the  two-component  model,  remains  nearly 
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constant.  We  also  observe  that  a  bump-like  structure,  which  at  300  K  appears  at 
around  1000  cm  ,  diminishes  in  intensity  with  a  reduction  in  temperature.  Then,  at 
about  200  K,  a  second  and  sharper  feature  reappears  at  a  lower  energy,  ~  750cm  , 
growing  again  in  intensity  as  the  temperature  of  the  sample  is  further  reduced.  Simi- 
lar midinfrared-like  modes  in  the  optical  conductivity  of  both  lightly  doped64'169  and 
superconducting  samples  have  also  been  reported  in  the  literature.  '''  The 
present  results  underscore  the  generality  of  these  features  in  the  optical  properties  of 
the  copper-oxide-based  materials. 
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Fig.  34.  The  scattering  rate  of  the  Drude-like  part  from  a  two-component  fit  to 
the  optical  conductivity  shown  in  Fig.  35  (Notice  the  linear  temperature 
dependence). 
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Comparison  of  afr-Plane  Reflectance:  q  ||  c  and  q  i.  c 

One  aspect  that  has  become  relevant  in  the  study  of  the  infrared  properties  of 
the  copper-oxide  superconductors  is  the  effect  of  the  electron-phonon  interactions. 
Early  on,  evidence  for  the  importance  of  these  interactions  had  been  gathered  mainly 
from  neutron  time-of-flight  spectroscopy,  where  a  softening  of  the  phonon  density 
of  states  was  observed  when  doping  in  the  parent  compound  YBaoCu306-|-i  was 
changed  from  insulating  to  metallic.1'0  There  was  also  evidence  of  some  anomalies 
with  certain  phonon  branches  associated  with  stretching  modes  of  Cu— 0  bonds  near 
the  zone  boundaries.171  Such  interactions  could  give  a  natural  explanation  to  the 
observed  normal-state  linear  resistivity  as  a  function  of  temperature  that  is  seen  in 
nearly  all  copper-oxide  superconductors.  This  might  imply  that  the  charge  carriers 
are  scattered  by  some  sort  of  thermal  excitations  such  as  phonons.  However,  this 
interpretation  should  be  taken  with  some  caution,  because  in  ordinary  metals  the  T- 
linear  resistivity  is  a  high-temperature  phenomenon  whereas  in  the  high-Tc  materials 
this  T-linear  behavior  is  observed  even  below  the  Debye  temperature,  where  a  T5  or 
T3  behavior  should  be  expected. 

The  type  of  interactions  that  are  considered  to  be  relevant  are  the  ones  that  have 
been  observed  in  organic  conductors.  As  first  pointed  out  by  Rice,  linear  cou- 
pling of  charge  carriers  to  totally  symmetric  Ag  modes  in  the  organics  can  lead  to 
structure  in  the  conductivity  spectrum  at  infrared  frequencies.  The  overlapping  of 
these  phonon  frequencies  with  the  continuum  of  excitations  give  rise  to  minima  or 
characteristic  Fano  lineshape  antiresonances  in  the  conductivity  spectrum.  It  has  been 
proposed  '  that  similar  effects  in  the  copper-oxide  superconductors  could  give  rise 
to  the  "knee-like"  structures  that  are  seen  at  140  cm-1  and  440  cm  in  the  a6-plane 
reflectance  spectrum  of  YBaoCusOj-^.65,68  These  structures  show  up  as  an  onset 
at  lower  energy  and  a  "notch"   at  higher  energy  in  the  spectrum  of  a\(u)).  Similar 
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features  have  also  been  seen  in  the  conductivity  spectra  of  I^SroCaCuoOs,84,87 
La2_ISrxCu04,69'72  and  Pb2Sr2(Y/Ca)Cu308.135 

In  explaining  the  physical  origin  of  these  structures  it  has  been  proposed  by 
Reedyk  et  al.  that  the  coupling  in  the  high-Tc  and  isostructural  materials  is  between 
the  longitudinal  c-axis  phonons  and  the  afe-plane  bound  carriers  in  the  midinfrared. 
This  idea  is  based  on  the  fact  that  the  coupling  and,  hence,  the  presence  of  structure 
in  <7i(cj)  is  enhanced  in  the  so-called  parallel  geometry,  i.e.,  when  measurements  of 
the  a6-plane  optical  reflectance  are  performed  when  the  wavevector  of  the  incident 
light  q  is  parallel  to  the  c  axis  of  the  sample  and  the  electric  field  E  is  polarized  within 
the  ab  plane.  Such  structures  have  been  found  to  be  absent  when  the  a6-plane  optical 
properties  are  measured  on  the  ac  (or  be)  face  of  the  crystal.135  In  this  geometry,  the 
wavevector  of  the  light,  which  lies  either  along  the  a-  or  6-axis,  is  perpendicular  to 
the  c  axis  and  therefore  no  coupling  should  occur. 

In  order  to  illustrate  this  kind  of  electron-phonon  coupling  in  the  present  oxygen- 
doped  L^CuO^^  sample,  we  display  in  Fig.  36  the  a&- plane  reflectance  when  the 
wavevector  of  the  light  q  is  parallel  and  perpendicular  to  the  c  axis  in  the  sample.  A 
comparison  of  the  two  room-temperature  spectra  indeed  shows  some  differences.  The 
results  indicate  that  when  q  ||  c,  the  far-infrared  reflectance  displays  two  shoulders 
each  one  followed  by  minima  at  450  cm-1  and  560  cm-1.  Such  structures  appear  to 
be  absent  in  the  case  when  ql  c.  A  second  observation  is  that  at  higher  frequencies 
both  reflectance  spectra  are  nearly  of  the  same  level  with  a  slight  shift  of  the  plasma 
edge  minima  in  the  two  polarizations.  Also  the  charge  transfer  band,  located  around 
12,000  cm-1,  appears  to  have  equal  strength  in  both  polarizations.  Since  the  strength 
of  this  band  gives  an  indication  of  the  doping  in  the  sample,  this  means  that  both 
surfaces  of  the  crystal  have  nearly  equal  doping. 
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Fig.  36.       A  comparison  of  the  a&-plane  reflectance  measured  from  face  I 
(q  J_  c)  and  face  II  (q  ||  c)  of  La2Cu04+6  at  T  =  300  K. 


To  further  illustrate  the  differences  at  low  frequencies,  we  show  in  the  top  part 
of  Fig.  37  the  optical  conductivity  a\{u)  obtained  from  a  Kramers-Kronig  analysis  of 
the  reflectance  in  the  two  geometries  indicated  above.  For  more  clarity,  we  have  sub- 
tracted the  phonons  that  are  present  in  both  spectra.  This  figure  clearly  shows  that 
(J\{u)  displays  two  minima-like  structures  at  450  cm-1  and  560  cm-1.  A  remarkable 
coincidence  exists  between  these  frequencies  and  the  peak  positions  of  the  c-axis  LO 
frequencies,  as  determined  from  the  peak  maxima  of  the  c-axis  loss  function  Im(-l/e). 
This  function  is  also  shown  in  the  figure.  Another  observation  is  that  there  is  a  redis- 
tribution of  spectral  weight  from  low  to  high  frequencies  in  the  spectrum  when  q||c. 
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Fig.  37.  Top:  A  comparison  of  the  ai-plane  conductivity  measured  on  the 
sample  for  q  J_  c  (face  I)  and  q  ||  c  (face  II)  at  T  =  300  K.  Bottom:  Sum 
rule  of  the  reflectance  at  room  temperature  for  q  ||  c  and  q  _L  c. 
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The  midpoint  of  such  redistribution  appears  to  coincide  with  the  peak  position  of  the 
strongest  c-axis  LO  phonon  at  560  cm-1.  This  redistribution  also  appears  to  conserve 
the  sum  rule  in  the  two  polarizations  as  shown  in  the  bottom  part  of  Fig.  37.  These 
results  clearly  underscore  the  importance  of  electron-phonon  coupling  in  the  optical 
properties  of  the  high-Tc  materials. 

Concluding  Remarks 
In  sum,  results  of  polarized  reflectance  performed  on  superconducting  LaoCu04_|_,s 
(Tc~  40/v)  reveal  an  insulator  for  polarization  of  the  light  along  the  c  axis,  while  the 
at-plane  response  has  a  metallic-like  properties.  A  total  of  four  optic  phonons,  one 
more  than  in  insulating  La2Cu04,  are  resolved  in  the  c-axis  polarization  with  Aoa 
symmetry.  Using  a  rigid-ion  model,  we  find  an  estimate  of  the  average  oxygen  effec- 
tive charge  in  the  structure  to  be  14%  higher  than  in  insulating  La2Cu04,  This  is 
close  to  the  estimated  12%  oxygen  doping  in  the  sample.  We  also  find  an  anomalous 
temperature  dependence  in  the  ai-plane  reflectance  for  frequencies  in  the  visible  and 
above.  This  result  may  indicate  some  restructuring  of  the  electronic  interband  tran- 
sitions possibly  due  to  the  phase  transition  from  tetragonal  to  orthorhombic  that  is 
known  to  occur  in  the  material  at  lower  temperatures.  Such  transition  appears  to 
affect  the  oscillator  strength  in  the  midinfrared  conductivity.  A  the  same  time,  it  does 
not  appear  to  affect  the  oscillator  strength  of  the  free-carrier  contribution  in  a  two- 
component  analysis  of  a\(u>).  In  this  analysis,  we  find  u>pd  ~  5800  ±  100  cm-1  with 
a  scattering  rate  that  is  linear  in  temperature.  A  comparison  of  the  ai-plane  optical 
conductivity  obtained  from  two  different  faces  reveals  some  qualitative  differences.  In 
the  case  when  the  wavevector  of  the  light  is  parallel  to  the  c  axis,  face  II  on  Fig.  23, 
the  midinfrared  conductivity  shows  two  minima-like  structures  whose  positions  are 
correlated  with  the  peaks  in  the  LO  frequencies  of  the  c-axis  phonons.  Such  features 
are  absent  in  the  spectrum  of  o"i(u>)  measured  when  q  J_  c  (face  I).  This,  combined 
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with  the  fact  that  the  coupling  constant  obtained  from  the  slope  of  the  linear  tem- 
perature dependence  of  1/r  of  the  Drude-like  carriers  in  a  two-component  analysis  of 
<J\{(jo)  is  rather  small  (A  ~  0.25),  suggests  that  the  coupling  of  the  c-axis  LO  phonons 
is  stronger  with  the  midinfrared  carriers. 


CHAPTER  VI 

ANISOTROPY  IN  THE  AB-PLANE 

OPTICAL  PROPERTIES  OF  YBa2Cu307_5 

This  chapter  is  devoted  to  results  of  the  a&-plane  anisotropy  in  the  optical  prop- 
erties of  single-domain  crystals  of  YBa2Cu307_,$.  The  room  temperature  reflectance 
was  measured  along  the  two  principal  axes  in  the  ab  plane  in  the  frequency  range 
100—32,000  cm-1.  In  addition,  the  reflectance  in  the  far-infrared  and  midinfrared 
regions  was  measured  at  three  temperatures:  300  K,  100  K,  and  30  K.  From  the 
results  at  each  temperature,  a  Kramers-Kronig  analysis  was  performed  to  obtained 
the  temperature  dependence  in  the  optical  conductivity  and  related  optical  constants. 
From  this  analysis,  a  discussion  is  made  related  to  the  different  interpretations  that 
have  been  proposed  to  explain  the  optical  properties  in  the  copper-oxide  materials. 

Room  Temperature  Spectra 
Figure  38  shows  the  room  temperature  reflectance  of  YBa2Cu3  07_£  over  the 
measured  frequency  range  for  polarizations  parallel  to  the  a  and  b  axes.  The  results 
show  a  strong  anisotropy  between  these  two  directions.  As  was  mentioned  before, 
there  is  a  network  of  one  dimensional  CuO  chains  along  the  b  axis  in  this  material. 
Hence,  is  not  surprising  that  such  anisotropy  exists,  since  it  should  be  expected 
that  additional  dipole  allowed  transitions  will  be  present  in  the  b  direction.  The 
low-frequency  results  are  characterized  by  a  reflectance  that  is  higher  along  the  b 
direction  by  2—3%.  As  the  frequency  increases,  the  reflectance  along  the  a  axis  falls 
faster  than  the  b  axis.  In  the  a  axis,  the  plasma  edge  minimum  occurs  at  around 
S500  cm"  .  The  reflectance  along  the  chain  direction  shows  a  bump-like  structure 
at  around  3500  cm-1,  followed  by  a  plasma  edge  minimum  at  14,000  cm-  .     In 
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Fig.  38.  Room  temperature  reflectance  of  Y^^^^Z^l-b  single-domain  crys- 
tal along  the  a  and  b  axes. 

the  interband-transition  region,  the  condition  Ra  =  Ri  is  reached  at  approximately 
22,000  cm-1,  and  for  higher  frequencies  Ra  >  R^.  Similar  results  have  been  reported 
in  the  literature  previously.4'26,31'75'1'5  A  Kramers-Kronig  analysis  of  this  reflectance 
was  performed  by  following  high-  and  low-frequency  extrapolations  as  mentioned  in 
Chapter  IV.  The  results  of  the  loss  function  are  displayed  in  Fig.  39.  There  is  a 
splitting  in  the  peak  position  of  the  a-  and  6-axis  maxima  of  this  function  that  is 
consistent  with  the  splitting  in  the  plasma  edge  minima  observed  in  the  reflectance 


along  the  two  directions. 
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Fig.  40.  Optical  conductivity,  aa  and  <7j,  along  principal  axes  of  single-domain 
YBa2Cu307-«. 


We  now  turn  our  attention  to  the  optical  conductivity  shown  in  Fig.  40.  The 
results  indicate  a  ratio  in  the  far-infrared  conductivity  of  roughly  of  2:1,  with  the 
higher  value  corresponding  to  the  b  axis.  This  is  in  good  agreement  with  the  re- 
ported anisotropy  in  the  dc  conductivity  obtained  in  similarly  prepared  samples. 
It  is  also  observed  that  there  is  a  bump-like  structure  in  the  6-axis  conductivity  at 
~  3200  cm  that  is  most  likely  associated  with  localized  transitions  occurring  in 
the  CuO  chains.  This  is  concluded  from  the  absence  of  such  structure  along  the 
a-axis  polarization.  Aside  from  this  structure,  a  closer  look  to  these  data  reveals, 
as  observed  previously,4'  'T5  it  is  not  possible  to  fit  either  of  those  curves  over  the 
whole  infrared  region  using  a  single  Drude  term  with  a  fixed  scattering  rate.    The 
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conductivity  in  the  far  infrared  falls  off  much  more  slowly  than  the  typical  u~"  de- 
pendence expected  from  a  metallic  Drude  term.  The  actual  slope  is  u>.~'  As 
it  will  be  shown  in  Chapter  VII,  this  exponent  is  the  same  in  results  obtained  from 
Bi^Si^CaC^Os  samples.  This  suggests  the  presence  of  an  additional  mechanism 
for  absorption  in  the  midinfrared.  As  already  discussed  in  Chapter  III,  of  the  two 
models  that  have  proposed  to  explain  this  anomalous  behavior  the  one-component  or 
marginal  Fermi  liquid  model  predicts  a  frequency  dependence  of  a\{u))  in  the  order 
c\{u)  cc  cj-1.106'10'  Iii  the  two-component  model,  on  the  other  hand,  the  conductiv- 
ity in  theses  materials  viewed  as  composed  of  a  two-component  absorption  involving 
a  Drude  or  free-carrier  part  combined  with  other  midinfrared  modes  in  addition  to 
higher-frequency  interband  transitions.24'28'68'103 

Temperature  Dependent  Reflectance 
Figure  42  displays  the  reflectance  at  100  K  (upper  panel)  and  30  K  (lower  panel). 
At  100  K,  we  find  an  increased  reflectivity  for  both  polarizations  in  the  far  infrared 
with  respect  to  the  room  temperature.  This  correlates  with  a  higher  conductivity 
with  respect  to  the  room  temperature  data.  At  this  temperature,  the  anisotropy  in 
the  far-infrared  absorptivity  (1  —  R)  is  again  in  the  order  of  2:1  with  the  higher  value 
corresponding  to  the  b  axis.  In  the  superconducting  state,  which  is  shown  in  the 
lower  panel  of  Fig.  42,  we  observe  a  dramatic  change  in  the  reflectance.  At  lower 
frequencies,  the  reflectance  is  now  higher  along  the  a  axis,  reaching  a  value  close  to 
100%  below  450  cm-1.  By  contrast,  the  6-axis  reflectance  is  lower  with  respect  to 
the  a  axis  by  about  1—2%.  Since  both  spectra  were  recorded  in  a  single  cool  down, 
by  just  rotating  the  polarizer  between  the  two  polarizations,  there  is  a  high  accuracy 
(typically  better  than  ±0.25%)  in  determining  the  anisotropy  in  the  reflectance.  On 
the  order  hand,  uncertainties  in  the  absolute  reflectance  in  the  order  of  1—2%  makes 
it  hard  to  determine  with  high  accuracy  how  close  to  100%  the  a-axis  reflectance 
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Fig.  41.  Temperature  dependence  in  the  reflectance  100  K  (upper  panel)  and 
30  K  (lower  panel)  along  the  a  and  b  axes. 
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really  is.  Experiments  that  can  achieve  a  higher  accuracy,  such  as  direct  absorption 
measurements,  have  been  performed  by  Pham  et  ah  on  single-domain  crystals  of 
this  material.  In  this  study,  it  is  found  the  a-axis  absorptivity  is  around  0.5%  in  the 
region  below  400  cm-1.  The  optical  conductivity,  obtained  from  a  Kramers-Kronig 
analysis  of  the  reflectance  at  the  three  measured  temperatures,  is  shown  in  Fig.  43 
and  Fig.  44  for  the  a  and  b  axes  respectively. 
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Fig.  43.  Temperature  dependence  in  the  a-axis  optical  conductivity  of  single- 
domain  YBa2Cu307_,5. 


Qualitatively,  both  set  of  data  look  quite  similar.  In  the  normal  state,  it  is  evident 
the  higher  conductivity  at  lower  temperatures  accompanied  by  a  sharper  far-infrared 
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Fig.  44.  Temperature  dependence  in  the  6-axis  optical  conductivity  of  single- 
domain  YBaoCusOy-^. 


peak  in  both  crystallographic  directions.  At  the  same  time,  the  conductivity  in  the 
midinfrared  exhibits  a  weaker  temperature  dependence.  This  behavior  in  the  optical 
conductivity  of  fully-doped  sample  is  one  of  the  key  features  that  suggest  a  description 
of  o\  (u)  in  terms  of  two  components. 

Below  the  transition  temperature,  there  is  a  minimum-like  structure  present  in 
both  <Tx(u)a  and  <7i(cj)&  that  starts  at  around  500  cm"1.  At  lower  frequencies,  this 
minimum  is  then  followed  by  an  upturn  that  signals  the  presence  of  low-lying  excita- 
tions. This  upturn  in  (T\(u>)  is  consistent  with  results  of  direct-absorption  measure- 
ments performed  by  Phamei  al. 
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Fig.  45.  Temperature  dependence  in  the  "chain"  conductivity  obtained  from 
the  formula  cri{u)chain  =  <r\(u)h  -  (Ti(u)a. 


Effect  of  the  Chains 

As  mentioned  earlier,  there  have  been  several  studies  of  the  «6-plane  anisotropy 
of  single-domain  crystals  of  YBa2Cu307_5.4'26'31'75'  The  conventional  approach  in 
this  system  has  been  to  assume  that  the  the  6-axis  conductivity  involves  two  channels. 
One  channel,  which  is  assumed  to  be  isotropic,  involves  the  conduction  of  charge 
carriers  in  the  CuCn  planes.  The  second  channel  is  the  contribution  of  dipole  allowed 
transitions  in  the  CuO  chains.  Based  on  these  assumptions,  the  chain  conductivity  is 
considered  to  be  additive  to  the  conductivity  of  the  Cu02  planes.  The  formula  used 
to  separate  the  two  channels  involves  the  subtraction  of  cri(ui)  along  the  a  axis  from 
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the  6-axis  conductivity 

°"lMcfca»n  =  a^)b  -  crl(^)a-  (42) 

Notice  that  the  orthorhombic  distortion  that  exists  in  the  C11O2  plane  of  these  ma- 
terials is  considered  unimportant.  This,  as  we  will  see  from  measurements  on  single- 
domain  crystals  of  f^S^CaC^Os  in  Chapter  VII,  might  not  be  completely  accurate. 
Measurements  of  the  chain  conductivity  using  Eq.  42  have  resulted  in  that,  depending 
on  the  level  of  ordering  in  the  chains,  the  chain  contribution  to  the  6-axis  conductivity 
may  vary.  This  happens  at  the  same  time  the  a  axis  or  plane  conductivity  does  not 
show  much  variation.  For  disordered  crystals,  there  is  evidence  the  transitions  on 
the  chains  are  localized.  The  frequency-dependent  conductivity  along  the  chains  in 
materials  with  highly  disordered  chains  has  been  interpreted  as  a  hopping  conductiv- 
ity. In  this  interpretation,  the  hopping  of  carriers  along  the  1-dimensional  chains  is 
interrupted  by  oxygen  vacancies.1'5 

To  illustrate  the  degree  of  ordering  in  the  single-domain  of  YBaoCuaOy-^  that  we 
studied,  we  show  in  Fig.  45  the  results  of  calculating  the  chain  conductivity  by  using 
Eq.  42  at  three  temperatures.  Contrary  to  what  has  been  observed  in  disordered 
crystals,  the  results  here  suggest  the  chain  conductivity  in  our  samples  appears  to 
have  both  a  Drude  and  midinfrared  components.  This  is  more  evident  at  lower 
temperatures,  where  the  conductivity  in  the  far  infrared  appears  to  have  a  narrow 
Drude  contribution  in  addition  to  a  much  broader  contribution  at  higher  frequencies. 
At  room  temperature,  0"i(cj)c/i(uri  resembles  the  response  of  a  strongly  overdamped 
Drude  conductivity.  At  lower  temperatures,  the  far-infrared  peak  can  be  fitted  with 
a  Drude  oscillator  with  lopd  ~  12,000  cm"1  and  T  ~  250  cm-1.  This  is  contrast 
to  what  should  be  expected  in  a  hopping  conductivity  model,  where  a  maximum  in 
a\{u)  should  only  appear  at  a  finite  frequency. 
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Fig.  46.    Plot  of  the  London  penetration  length  as  a  function  of  frequency 
along  the  a  and  b  axes  of  YBa2Cu3C>7_£. 


rcfr-Plane  Anisotropy  in  the  London  Penetration  Depth 

The  temperature  dependence  in  the  a-  and  6-axis  conductivities  shown  in  Fig.  43 
and  Fig.  44  shows  that  some  spectral  weight  in  cr\(uj)  is  missing  in  the  supercon- 
ducting state.  This  is  the  spectral  weight  that,  in  the  clean  limit  picture,  goes  to 
a  £- function  at  zero  frequency.  The  response  of  this  "missing"  area  under  a\{to)  is 
what  determines  the  London  penetration  length  A^,  which  is  the  distance  over  which 
an  electromagnetic  wave  is  attenuated  inside  a  superconductor.  Since  this  length  is  a 
measure  of  the  superfluid  response  in  a  superconductor,  it  is  related  to  the  superfluid 
oscillator  strength  ups  by  the  formula  Xi  —  l/2iru]p3.  Polarized  spectroscopy  tech- 
niques allows  the  determination  of  the  different  components  of  A^,  since  in  anisotropic 


110 

materials,  A^  is  a  tensor  quantity.  Since  the  response  of  a  superconductor  to  an  elec- 
tromagnetic field  in  a  reflectance  experiment  is  governed  by  the  imaginary  part  of  the 
optical  conductivity  (cro),  Xl  can  be  determined  using  the  formula 


—       =Twos(w).  (43) 


XlJ        c 

An  alternative  method  to  determine  Xi  is  by  way  of  integrating  the  missing  area  under 
the  real  part  of  the  optical  conductivity,  which  is  just  the  difference  in  o"i  (cj)  just  above 
and  below  the  superconducting  state.  This  integrated  area  is  then  proportional  to 
the  superfluid-carrier  response  or  ups.  Figure  46  displays  Xi  along  the  a  and  b  axes 
obtained  from  Eq.  43.  The  results  suggest  Xi  approaches  a  constant  value  in  the 
far  infrared,  where  the  zero-frequency  extrapolated  values  along  the  a  and  b  axes  are 
7a  =  1600  A  and  75  =  1200  A.  These  results  suggest  a  much  reduced  value  for  Ax 
along  the  chain  direction.  This  implies  there  is  a  superconducting  response  associated 
with  the  CuO  chains.  These  results  are  in  sharp  contrast  to  earlier  reporters,  where 
the  chains  have  been  found  to  have  a  contribution  to  the  Drude  conductivity  of 
the  planes,  while  remaining  normal  in  the  superconducting  state.  A  qualitative 
explanation  for  this  can  be  given  by  noticing  that  the  anisotropy  between  the  a  and 
b  axes  conductivity  in  the  samples  of  those  earlier  reports  is  not  as  high  as  in  the 
present  sample.  In  this  argument,  the  degree  of  order  in  the  chains  determines  if  they 
also  have  a  superconducting  response. 


CHAPTER  VII 

ANISOTROPY  IN  THE  AB-PLANE 

OPTICAL  PROPERTIES  OF  Bi2Sr2CaCu208 

Results  regarding  a6-plane  anisotropy  in  the  optical  properties  of  YBa2Cu307_,5 
were  presented  in  Chapter  VI.  As  it  was  mentioned  there,  the  conventional  approach 
in  this  system  has  been  to  divide  the  response  into  chain  and  plane  components  and 
to  assume  that  the  plane  response  is  identical  along  the  a  and  b  axes.  This  chapter  is 
devoted  to  results  of  the  a6-plane  anisotropy  in  the  optical  properties  of  single-domain 
crystals  of  Bi2Sr2CaCu2  0s.  Unlike  YBa2Cu307_^,  this  system  does  not  have  the 
complication  of  the  CuO  chains  in  the  b  direction,  making  it  easier  to  address  issues 
of  the  anisotropy  in  the  quasi-two  dimensional  Cu02  planes.  One  of  such  issues  is  the 
anisotropy  of  the  2-dimensional  electronic  structure  in  the  normal  state.  A  second 
issue  is  the  possible  anisotropy  of  the  order  parameter  in  the  superconducting  state. 

The  Cu02  planes  in  Bi2Sr2CaCu20s  are  separated  by  Bi202  double  layers,  which 
are  believed  to  act  as  a  charge  reservoir.  As  in  most  high-Tc  superconductors,  there 
is  an  orthorhombic  distortion  in  the  ab  plane  on  account  of  a  weak  superlattice  mod- 
ulation along  the  b  axis,  which  is  attributed  to  an  incommensurate  defect  structure 
in  the  Bi202  layers.13'45'48  Moreover,  the  a  and  b  axes  in  this  material  are  along  the 
Bi  — 0  bonds  and  nearly  45°  from  the  Cu— 0  bonds.  Based  on  the  very  small  differ- 
ence in  the  a  and  b  bond  lengths  (f»  0.04  A),  one  would  expect  an  almost  isotropic 
optical  conductivity  in  the  ab  plane  of  this  compound. 

In  this  system,  like  in  YBa2Cu307_,$,  the  reflectance  was  measured  for  light  polar- 
ized along  the  two  principal  axes  in  the  ab  plane  in  a  frequency  range  of  100—32,000 
cm-  .   The  reflectance  in  the  far-infrared  and  midinfrared  regions  was  measured  for 
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temperatures  above  and  below  the  superconducting  transition  temperature.  The  op- 
tical conductivity  and  related  optical  constants  were  obtained  from  a  Kramers-Kronig 
analysis  of  the  measured  reflectance  at  each  temperature.  Analysis  of  the  optical  con- 
ductivity was  carried  out  using  the  one-  and  two-component  models.  A  discussion  of 
the  anisotropy  in  the  superconducting  state  will  be  given  in  the  context  of  these  two 
models.  A  study  of  dc  transport  measurements  performed  on  similar  single-domain 
crystals  is  reported  in  Chapter  VIII. 
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Fig.  47.    The  300  K  reflectance  of  I^SroCaCuoOs  for  light  polarized  along 
the  a  and  b  axes. 
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Results  of  the  Optical  Reflectance 

Room  Temperature  Spectra 

Figure  47  displays  the  room  temperature  reflectance  of  BioS^CaCmOs  on  a  wide 
frequency  scale  for  polarization  of  the  light  along  the  a  and  b  axes.  First,  we  notice 
that  at  low  frequencies  the  reflectance  along  the  a  axis  is  higher  than  the  reflectance 
along  the  b  axis  by  1—2%.  As  the  frequency  increases,  the  reflectance  falls  off  in  a 
quasilinear  fashion  with  increasing  frequency  in  both  polarizations.  Near  the  plas- 
mon  minimum,  we  observe  that  the  plasma  edge  for  the  polarization  parallel  to  the 
b  axis  occurs  at  a  slightly  lower  frequency  compared  to  the  a  axis.  The  splitting 
is  estimated  to  be  around  500  cm-1.  These  results  indicate  the  in-plane  anisotropy 
of  Bi2Sr2CaCu2  08  is  less  pronounced  when  compared  to  similar  measurements  on 
YBa2Cvi307_5.  In  YBa2Cu307_^,  the  splitting  in  the  a-  and  6-axis  plasma  edge 
minima  has  been  estimated  to  be  5500  cm-1.  The  larger  plasma  edge  along  the  b 
direction  in  this  system  has  been  explained31'74'75,176  as  due  to  the  presence  of  CuO 
chains  along  the  b  axis,  while  the  orthorhombic  distortion  of  the  Cu02  planes  in 
this  compound  has  been  assumed  to  be  unimportant.  The  fact  that  we  are  able  to 
observe  anisotropy  in  Bi2Sr2CaCu2  0s,  which  does  not  have  chains,  indicates  the  elec- 
tronic excitations  within  the  Cu02  planes  are  themselves  anisotropic.  One  possible 
explanation  could  be  the  different  bond  lengths  in  the  two  directions.  This  consid- 
eration will  make  it  impossible  to  separate  accurately  the  effect  of  the  chains  from 
the  planes  in  YBa^CuzO-j-i.  Therefore  the  optical  investigation  of  Bi2Sr2CaCu2  0s 
is  of  particular  interest  since  in  this  compound  the  orthorhombic  distortion  of  the 
metal-oxygen  layers  appears  to  be  the  only  reason  for  the  in-plane  anisotropy  in  the 
optical  properties. 

We  find  the  reflectance  is  substantially  higher  for  E  ||  b  and  for  frequencies  above 
the  plasmon  minimum.     In  addition,  two  interband  transitions  are  evident  in  this 
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region.  The  first  interband  peak  is  present  in  both  directions,  while  the  second  one, 
centered  around  3.S  eV,  is  more  pronounced  for  the  polarization  along  b  and  is  almost 
absent  along  the  a  direction.  The  first  peak  centered  at  2.3  eV  is  interpreted  as  the 
charge  transfer  CT  band  in  the  Cu02  planes  of  this  material,  while  the  second  one  is 
most  likely  associated  with  interband  transitions  occurring  in  the  E^Oo  layers  and 
not  in  the  Cu02  planes  as  previously  reported.  This  result  is  in  agreement  with 
ellipsometric  measurements  done  by  Kelly  et  a/.85 

Temperature  Dependent  Spectra 

The  temperature  dependence  in  the  reflectance  in  the  far-infrared  and  midinfrared 
regions  is  shown  in  Fig.  48  for  the  a  and  b  axes.  There  are  a  two  things  that  should  be 
noticed  in  these  results.  First  of  all,  there  is  an  increase  in  the  far-infrared  reflectance 
as  the  temperature  of  the  sample  is  lowered,  developing  a  shoulder-like  feature  in 
both  directions  as  the  sample  enters  in  the  superconducting  state.  Secondly,  the 
reflectance  is  higher  for  E  ||  a  at  all  frequencies  and  temperatures.  Even  when  the 
sample  is  superconducting,  there  remains  a  difference  in  the  reflectance  (Ra  >  Rb)  in 
the  order  of  1-2%  (see  Fig.  49). 

Earlier,  it  was  found  that  the  transmittance  of  free-standing  single  crystals  of 
Bi2Sr2CaCu2  08  is  higher  for  light  polarized  along  the  a  axis,  implying  more  absorp- 
tion for  the  6-axis  polarization.86  The  reflectance  data  in  Fig.  48  agree  with  these 
published  results.  Although  the  accuracy  in  absolute  reflectance  is  only  ±1%,  so  that 
we  cannot  determine  whether  the  a- axis  reflectance  is  indeed  unity  below  200  cm-1, 
our  accuracy  in  anisotropy  determination  is  ±0.25%.  Therefore,  we  can  say  with 
certainty  that  the  6-axis  reflectance  is  less  than  100%  down  to  ~  150  cm-1  (~  20 
meV).  We  also  observe  two  edges  in  the  far  infrared  reflectance  in  both  polarizations 
in  the  superconducting  state.  The  first  edge,  at  a  frequency  between  100  and  200 
cm-1,  is  followed  by  a  stronger  threshold  at  u>  =  400  —  450  cm-1.   More  discussion 
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Fig.    48.       Temperature    dependence   of   the    a-    and    6-axis    reflectance   of 
BioS^CaCmOs- 
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Fig.  49.  Relative  absorptivity  (Ra  —  i?j  =  Ai  —  Aa)  for  two  different  samples 
in  the  superconducting  state. 

related  to  the  interpretation  of  these  structures  will  be  given  when  discussing  the 
optical  conductivity  obtained  from  the  Kramers-Kronig  analysis. 


Discussion  of  Optical  Constants 

For  a  quantitative  discussion  let  us  now  turn  our  attention  to  the  optical  constants 
derived  from  the  Kramers  Kronig  transformations  of  the  reflectance  data.  Extrapo- 
lation procedures  were  done  as  discussed  in  Chapter  IV.  The  results  for  the  300  K 
optical  conductivity  ai(u>)  are  shown  in  Fig.  50.  All  the  electronic  bands  that  were 
seen  in  the  reflectance  are  more  evident  here.  First,  there  is  a  weak  anisotropy  in  the 
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Fig.  50.  Room  temperature  conductivity  on  a  wide  frequency  scale  along  the 
principal  axes  in  the  ab  plane  of  B^S^CaC^Os- 

far-infrared  conductivity  (aa  >  crj,)  that  is  in  agreement  with  the  dc  value  reported 
in  Chapter  VIII.  Second,  the  low-frequency  ai(u)  falls  off  much  more  slowly  than 
the  u~"  dependence  of  a  simple  Drude  spectrum."  For  these  samples  the  slope  of 
(J\{uj)  between  400— S000  cm-1  region  is  Cj-°-56±0-02.  This  is  nearly  the  same  slope 
that  was  estimated  from  the  a-axis  room  temperature  conductivity  of  YBa2Cu30y_5 


w 


-0.53±0.02 


).   Interpretation  of  this  non-Drude  behavior  in  the  optical  conductivity 


of  the  copper-oxide  superconductors  has  been  one  of  the  most  debated  issues  related 
to  the  optical  properties  of  these  materials. 
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Fig.  51.  Room  temperature  loss  function  (-Im(l/e))  on  a  wide  frequency 
scale  along  the  principal  axes  in  the  ab  plane  of  E^SroCaCuoOs-  Inset: 
Logarithmic  scale  to  show  power  law  dependence  at  low  frequencies. 

Next,  Fig.  51  displays  the  energy  loss  function  or  Im(-l/e).  There  is  a  slight 
splitting  in  the  position  of  the  loss  function  maxima  for  the  two  polarizations.  In 
simple  metals,  the  position  of  this  peak  together  with  its  width  give  information 
about  the  "screened"  plasma  frequency  as  well  as  the  scattering  rate  of  the  free 
carriers  respectively.  But,  because  of  the  unusual  behavior  of  the  conductivity  in  the 
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midinfrared,  it  is  difficult  to  make  the  same  assignment  here  unless  some  assumptions 
are  made  about  this  extra  absorption.  If  a  frequency  dependent  1/r*  is  introduced 
in  a  generalized  Drude  model,  the  broad  1/r*  is  the  result  of  an  increase  in  the 
relaxation  rate  of  the  carriers  as  the  frequency  of  the  light  is  increased.  On  the 
order  hand,  if  two  or  more  type  of  carriers  contribute  to  <J\(u)  the  broadening  in 
the  scattering  rate  would  be  the  combination  of  the  free  carriers  with  other  type  of 
bound-carrier  excitations  in  the  midinfrared. 

It  has  been  suggested  by  Bozovic81  that  there  is  an  universal  frequency  depen- 
dence in  the  loss  function  of  all  the  copper-oxide  superconductors,  where  -Im/e  oc  ur 
for  small  u.  The  results  shown  in  the  inset  of  Fig.  51  actually  show  there  are  two 
regimes  to  consider  in  the  E^Si^CaCuoOs  samples  we  measured.  In  one,  for  frequen- 
cies below  1000  cm-1,  the  power  law  dependence  in  -Iml/e  is  more  like  w  '  . 
Only  for  u  >  1000  cm-1,  the  exponent  in  u  becomes  in  the  order  of  2.  Similar 
observations  were  made  by  Gao  et  al.'~  from  measurements  on  a  La2_ISrzCu04  film. 

In  the  upper  panel  of  Fig.  52,  we  show  the  sum  rule  that  is  given  by  the  formula 

Neff(u)m/mh  =  ^^  f  *{J)dJ  (44) 

Te-      Jo 

where  e  and  m  are  the  free-electron  charge  and  mass  respectively.  The  band  mass 
is  given  by  mj  and  Vceu  is  the  volume  of  one  unit  cell.  This  formula  gives  the 
effective  number  of  carriers  per  formula  unit  participating  in  the  optical  transitions 
below  frequency  to.  The  results  indicate  that  while  Neff  is  roughly  isotropic  at  low 
frequencies,  some  differences  start  to  show  up  at  higher  energies,  particularly  in  the 
interband  region  where  transitions  in  the  BioOo  layers  are  occurring.  At  a  frequency 
of  8000  cm-1,  we  find  Nejj  to  be  «  0.5.  This  result  agrees  with  having  approximately 
0.25  carriers  per  CuOo  plane  if  we  assume  mj  =  m. 
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Fig.  52.  Sum  rule  (upper  panel)  and  real  part  of  dielectric  function 
(lower  panel)  showing  anisotropy  in  these  quantities  in  the  ab  plane  of 
E^S^CaCuoOs. 
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The  real  part  of  the  dielectric  function  e\{u)  is  shown  in  the  lower  panel  of  Fig.  52. 
The  zero  crossing  of  ci(cj),  which  also  is  related  to  the  screened  plasma  frequency 
uJp~  =  uip/y/e^,  evidently  occurs  at  a  lower  energy  for  E  ||  b  when  compared  to  E 
|  a.  This  difference  could  be  due  to  either  having  more  oscillator  strength  for  the 
bare  plasma  frequency  up  for  the  free  carriers  along  the  a  direction  or  the  background 
dielectric  constant  e^  being  larger  for  E  ||  b.  The  more  pronounce  peak  in  the 
interband  transition  centered  at  u  =  3.8  eV  for  E  ||  b  suggests  a  larger  Coo  for  this 
direction,  making  the  latter  as  the  most  likely  possibility. 

Temperature  Dependent  Optical  Conductivity 
The  temperature  evolution  in  the  optical  conductivity  is  shown  in  Fig.  53,  and 
Fig.  54  for  E  ||  a  and  E  ||  b  respectively.  In  the  normal  state,  we  observe  a  narrowing 
in  the  far-infrared  conductivity  at  low  temperatures,  whereas  at  higher  frequency, 
<j\{u)  does  not  show  much  variation.  At  the  same  time,  we  observe  a  minimum  that 
develops  in  the  superconducting  state  at  around  u>  »  400  cm-1.  In  some  studies,  this 
structure  in  the  conductivity  has  been  interpreted  as  evidence  of  the  superconducting 
energy  gap.31  The  fact  that  we  observe  the  feature  for  the  polarization  along  b,  which 
has  lower  reflectance  puts  this  interpretation  in  contradiction  with  the  conventional 
notion  of  a  gap  in  which  for  frequencies  below  2A  no  excitations  are  allowed.  The 
lower  reflectance  in  the  b  direction  is  also  responsible  for  the  upturn  observed  in 
o"i(u;)  at  the  lowest  temperature.  This  result  may  have  interesting  consequences  for 
the  understanding  of  dynamic  properties  in  these  materials.  For  instance,  it  indicates 
the  presence  of  low-lying  excitations  for  carriers  moving  along  the  b  axis.  It  is  not 
clear  what  is  the  origin  of  these  excitations.  Perhaps,  the  presence  of  the  superlattice 
structure  in  the  b  axis  introduces  a  source  for  scattering  along  this  crystallographic 
direction.  If  this  is  correct,  it  seems  reasonable  to  expects  evidence  of  this  in  other 
dynamic  properties  of  the  material. 
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Fig.  53.  Temperature  dependence  in  the  a-axis  optical  conductivity  obtained 
from  a  Kramers-Kronig  analysis  of  the  reflectance. 


We  should  point  out  that  photoemission  experiments  done  on  samples  from  the 
same  batch  as  the  one  used  in  this  study  have  shown  convincing  evidence  for  the 
opening  of  a  gap  in  the  energy  spectrum  around  the  Fermi  level.6,7  The  maximum 
gap  parameter  obtained  from  the  analysis  of  the  photoemission  data  has  given  a 
value  of  A  close  to  25meV.  Although  twice  this  energy  is  close  to  the  the  minimum 
position  observed  in  the  conductivity  data,  it  can  not  be  assigned  unambiguously  as 
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Fig.  54.  Temperature  dependence  in  the  fr-axis  optical  conductivity  obtained 
from  a  Kramers-Kronig  analysis  of  the  reflectance. 


evidence  of  the  superconducting  energy  gap.  Moreover,  since  similar  structures  have 
been  observed  in  all  copper-oxide  superconductors,  they  have  also  been  explained  as 
due  to  strong  bound-carrier  interactions  with  phonon  excitations.103'135'136'174  More 
discussion  about  this  will  be  given  later.  Next  section  will  address  the  analysis  of  the 
optical  conductivity  in  terms  of  the  one-  and  two-component  models. 
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One-Component  Analysis 

As  mentioned  already,  one  of  the  approaches  that  has  been  proposed  to  explain 
the  anomalous  non-Drude  behavior  in  the  infrared  conductivity  of  the  copper-oxide 
materials  is  to  model  <7i(u>)  using  a  generalized  Drude  model,105  with  a  frequency 
dependent  scattering  rate  t(uj).  Details  of  this  model  were  discussed  in  Chapter  III. 

The  self-energy  function  S(w)  may  be  calculated  from  Eq.  12  once  good  estimates 
for  u>p  and  e^  are  obtained.  Figure  55  shows  the  result  of  m*  jm^  and  1/t*(uj)  at 
room  temperature  for  B^S^CaC^Os  along  the  a  and  b  axes.  The  values  of  up  and 
eoo  for  the  a  axis  are  16200  cm-1  and  4.6  respectively,  while  for  the  b  axis  we  used 
Wpj  =  16240  cm-1  and  e^  =  4.8.  In  Fig.  55  it  is  interesting  to  notice  that  while  there 
is  a  mass  enhancement  at  low  frequencies,  it  is  isotropic  in  the  ab  plane,  on  account 
of  the  nearly  isotropic  values  of  uip.  On  the  other  hand,  Fig.  55  shows  an  anisotropic 
renormalized  scattering  rate  that  increases  linearly  with  frequency  up  to  a  frequency 
of  1500  cm"  .  This  seems  to  be  in  agreement  with  the  predicted  behavior  in  the  MFL 
model,  although  the  cutoff  frequency  as  suggested  by  the  saturation  of  l/r*(u)  seems 
to  be  rather  low.  Experiments  that  have  provided  support  to  this  model,  such  as 
Raman  '  scattering  measurements,  have  given  evidence  of  a  broad  continuum  of 
electronic  background  in  the  spectrum.  The  cutoff  frequency  obtained  from  Raman 
experiments  is  around  uc  ~  8000  cm-1.  Hence,  the  MFL  model  appears  to  give  an 
adequate  fit  to  the  data  provided  a  much  lower  value  for  uc  is  taken  in  comparison 
to  the  one  suggested  from  Raman  measurements. 

The  temperature  dependence  of  the  one-component  fit  to  the  data  is  shown 
Fig.  56.  Here  we  show  the  imaginary  part  of  the  self-energy  So(cu)  at  three  tem- 
peratures for  the  a  and  b  directions.  As  shown  in  Eq.  13,  there  are  two  regimes 
to  consider  for  this  function,  i.e.,  u>  <  T  and  u>  >  T.  Evaluations  of  the  slope  in 
the  regime  u  <  T  give  a  coupling  constant  \?  =  0.5  ±  0.1  in  both  polarizations. 
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Fig.  56.    Temperature  dependence  in  the  imaginary  part  of  the  self-energy 
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Furthermore,  from  evaluation  of  the  slopes  in  the  region  where  £2(0;)  is  linear  in  w,  it 
is  found  that  at  room  temperature  \wa  w  Xwb  =  Xw  ~  0.20  ±0.01,  while  at  100  K  this 
number  is  a  factor  of  2  larger.  The  temperature  dependence  in  X&  clearly  shows  that 
the  coupling  mechanism  that  is  causing  the  linear  scattering  rate  in  the  charge  carriers 
becomes  stronger  as  the  temperature  of  the  sample  is  decreased.  Similar  behavior  has 
also  been  reported  in  same  analyses  of  unpolarized  measurements  of  BioSroCaCuoOs 
by  Romero  et  a/.86  As  mentioned  earlier,  doping  dependence  studies  also  suggest  a 
coupling  constant  that  increases  as  the  doping  in  the  sample  is  reduced.  In  this 
respect,  it  appears  that  lowering  the  temperature  of  the  sample  would  be  equivalent 
to  reducing  the  doping  and,  hence,  to  an  increase  in  the  interactions  that  are  causing 
the  scattering  of  the  carriers.  Interpretation  for  this  based  on  models  of  strongly 
correlated  systems  is  unclear. 

Two- Component  Analysis 

An  alternative  approach  that  has  been  proposed  to  explain  the  optical  proper- 
ties of  these  materials  is  to  assume  the  infrared  conductivity  is  composed  of  two  or 
more  components.  As  discussed  previously,  the  underlying  reason  for  this  analysis  is 
based  on  two  key  observations.  First,  the  optical  conductivity  a\(u)  obtained  from 
doping  dependent  studies  clearly  shows  the  appearance  of  free-like  as  well  as  bound 
excitations  in  the  midinfrared  as  doping  in  the  the  Cu02  planes  of  the  samples  is 
increased.24'28''0,77'1"  Second,  the  0"i(o;)  in  optimally  doped  samples  exhibits  an  un- 
usual temperature  dependence  in  the  infrared.  There  is  a  narrow  range  of  frequencies 
in  the  far  infrared  where  ai(u))  shows  a  variation  in  T  that  is  consistent  with  the 
linear  change  in  resistivity  that  is  observed  the  sample.  At  higher  frequencies,  ai(u>) 
shows  a  weaker  temperature  dependence.65'68'71'72'178  The  data  shown  in  Fig.  53  and 
Fig.  54  exhibit  a  behavior  that  is  consistent  with  this  observation. 
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In  this  model,  the  total  conductivity  in  doped  materials  is  assumed  to  be  made 
up  of  at  least  three  parts: 

<7l(u>)  =  <JljD  +  (7\MIR  +  Vinterband,  (45) 

where  aip  is  associated  with  a  free  or  Drude-like  part,  <?\MIR  corresponds  to  the 
bound  transitions  in  the  infrared,  and  crinferianii  includes  higher  interband  absorptions. 
One  way  of  separating  individual  contributions  is  obtained  by  using  the  Lorentz-Drude 
model  discussed  in  Chapter  IV.  Each  term  would  consist  of  three  parameters:  line 
width  7,  plasma  frequency  up,  and  center  frequency  u>q.  A  self-consistent  approach 
to  separate  the  Drude-like  from  the  bound-like  excitations  has  been  suggested  by 
Romero  et  al.  What  follows  is  a  brief  description  of  this  method  applied  to  the 
conductivity  curves  shown  in  Fig.  53  and  Fig.  54.  In  the  superconducting  state  and 
for  T  <C  Tc,  all  the  free-carrier  part  is  presumed  to  have  collapsed  into  a  delta  function 
at  u  =  0.  Therefore,  in  first  approximation  the  total  conductivity  at  the  lowest 
temperature  (T  =  20  K)  would  only  have  a  negligible  "free"  carrier  contribution,  and 
it  will  correspond  to  the  <7\mir  term  in  Eq.  45.  Hence,  the  free-carrier  part  in  the 
normal  state  can  be  obtained  by  subtracting  &imir  from  the  experimental  <J\{ui)  at 
T  >  Tc.  This  first  iteration  produces  free-carrier  conductivity  {ct\d  )  at  individual 
temperatures  above  Tc.  If  this  conductivity  has  a  Drude  line  shape,  a  linear  fit  to  the 
curve  obtained  by  plotting  llcr\D^  vs.  uj~2  will  yield  a  slope  and  intercept  that  can 
be  used  to  get  initial  guess  values  for  uvd  and  1/r.  Once  values  for  upj)  and  1/r  are 
obtained,  they  can  be  used  to  calculate  a  Drude  conductivity  with  the  formula 

fit   _      1        UpD2T 

a^  -  i^IW^'  (46) 

Then,  a  new  midinfrared  conductivity  <J\mir  IS  generated  at  each  temperature  by 
subtracting  a^  from  the  total  ai(u)  at  each  temperature  above  Tc.  A  self-consistent 
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check  of  the  upjj  and  1/r  obtained  at  each  temperature  is  done  by  first  computing 
an  average  midinfrared  conductivity  ((J\mir)  from  the  cr\MIR  obtained  as  explained 
above,  and  using  this  average  as  the  starting  midinfrared  term  in  a  second  iteration. 
We  found  the  results  are  self-consistent  after  performing  a  few  (3  or  4)  iterations. 

In  order  to  further  test  the  convergence  of  the  method,  the  starting  guess  for 
the  midinfrared  component,  i.e.,  ai^jji(u,20K)  was  cut  below  u  ~  380cm  and 
the  procedure  was  carried  out  and  compared  when  the  calculation  is  done  without 
cutting  the  data.  The  results  indicate  this  did  not  affect  the  fits  obtained  for  the 
a-axis  data.  However,  the  convergence  of  the  results  was  poor  when  the  starting 
midinfrared  conductivity  included  part  of  the  upturn  that  is  shown  in  Fig.  54  for 
(T\{uj)  in  the  b  direction  at  the  lowest  temperature.  Consequently,  the  analysis  in 
the  b  axis  was  carried  out  by  first  removing  this  upturn  in  <t\mir  and  using  this 
as  the  first  iteration  in  decomposing  the  conductivities.  After  this  was  done,  better 
convergence  for  the  6-axis  results  was  obtained  as  well. 

Prude  Component 

The  Drude  conductivities  (&\(u>)  —  (<J\mir))  obtained  from  this  analysis  are  shown 
in  Fig.  57  and  Fig.  58  along  with  fits  obtained  from  the  estimated  values  of  upj) 
and  1/r  at  each  temperature.  The  results  indicate  that  the  oscillator  strength  for 
the  Drude  term  is  nearly  temperature  independent.  In  the  analysis,  we  find  up£>a  = 
9300±200  cm-1,  while  upDb  =  S900±200  cm-1.  There  is  indication  of  slightly  smaller 
values  of  u;pj)  at  100  K,  suggesting  possible  fluctuation  effects  at  this  temperature. 
The  results  of  the  extrapolated  dc  resistivities  using  this  procedure  as  function  of 
temperature  are  shown  in  Fig.  59  along  with  the  measured  p  along  the  a  and  b  axes 
for  similar  samples.  The  measured  p^c  in  both  polarizations  were  multiplied  by  a 
constant  factor  (1.4)  due  to  a  systematic  error  in  estimating  the  dimensions  of  the 
sample  (more  details  are  given  in  Chapter  VIII).  Two  things  should  be  noticed  about 
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Fig.  57.  Drude  part  from  two-component  analysis  of  a\(u)  and  fits  obtained 
from  the  ljpd  and  1/r  at  each  temperature. 


this  figure.  The  first  is  that  pjc  and  poptic  derived  from  the  two-component  analysis 
of  ai(u>)  follow  a  temperature  dependence  that  is  linear  in  both  cases.  Secondly,  we 
find  a  good  agreement  between  the  anisotropy  determined  from  optical  as  well  as  dc 
transport  measurements.  A  comparison  of  l/rop<JC  obtained  from  the  fits  with  l/r^c 
obtained  from  formula 


l/^de 


UpD' 

60 


Pdc 


(47) 


where  upd  is  the  average  Drude  oscillator  strength  given  above,  is  shown  in  Fig.  60. 
This  figure  shows  that  the  temperature  variation  of  1/r^  and  l/ropt!C  is  indeed  linear 
in  the  normal  state  as  expected.   This  linear  temperature  dependence  of  1/r  in  the 
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Fig.  58.  Drude  part  from  two- component  analysis  of  <Ji(u>)  and  fits  obtained 
from  the  up£)  and  1/r  at  each  temperature. 

high-tc  has  been  expressed  as23,179 

hJT  =  2ttA  kBT  +  h/r0 


where  A  is  a  dimensionless  constant  that  couples  the  free  carriers  to  whatever  exci- 
tations are  causing  the  scattering.  From  a  numerical  evaluation  of  the  two  slopes 
we  find  Aa  ~  0.35,  while  Aj  ~  0.31.  These  results  are  in  good  agreement  with 
previously  estimated  values  for  A  using  a  two-component  analysis  in  other  samples. 
Furthermore,  these  results  suggest  the  transport  properties  of  the  copper-oxide  su- 
perconductors are  in  the  weak  coupling  regime.  This  is  in  contrast  with  the  coupling 
constant  obtained  in  the  one-component  analysis,  where  the  A  obtained  suggests  the 
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Fig.  59.  Temperature  dependence  in  the  a-  and  6-axis  resistivities  obtained 
from  dc  transport  measurements  and  extrapolations  of  the  optical  con- 
ductivity. 


material  goes  from  the  weak  coupling  limit  at  room  temperature  to  an  intermediate 
limit  at  lower  temperatures. 

In  the  superconducting  state,  1/t<£c  drops  to  zero  on  account  of  p^c  also  going  to 
zero.  At  the  same  time  1/top<j-c  exhibits  a  a  sudden  drop  in  the  superconducting  state. 
This  suggest  that  whatever  excitations  are  causing  the  scattering  of  the  carriers  in 
the  normal  state  are  suppressed  below  Tc.  The  limited  number  of  points  and  possible 
uncertainties  specially  below  100  cm  prevent  us  from  making  a  reasonable  guess 
of  what  is  the  temperature  dependence  of  this  1/r  in  the  superconducting  state. 
Nonetheless,  the  result  suggests  the  l/rop^c  obtained  for  the  b  axis  is  larger  than  the 
one  obtained  for  the  a  axis  in  the  superconducting  state.  Evidence  for  an  additional 
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channel  for  elastic  scattering  in  the  crystallographic  b  direction  is  also  consistent  with 
the  final  intercept  observed  in  pdc  from  extrapolations  to  the  zero  temperature  value 
Pdc- 

Sudden  drops  below  Tc  in  the  quasiparticle  scattering  rate  determined  from 
infrared  measurements  have  also  been  observed  in  unpolarized  measurements  of 
Bi2Sr9CaCu2  08,  and  La2_ISrICu04,72  and  in  experiments  of  femtosecond  opti- 
cal transient  and  microwave  absorption  measurements  on  YBaoCuaOy^116  and  on 
(BiO)2Sr2Ca2Cu30io-  The  temperature  dependence  of  the  1/r  obtained  in  these 
measurements  has  a  power  law  in  the  form  of  Tn  where  n  is  a  number  that  has 
ranged  between  1  and  2.  Similarly,  there  have  been  predictions  of  drop  of  the  quasi- 
particle scattering  rate  in  the  superconducting  state  within  the  phenomenology  of  the 
Marginal  Fermi  Liquid  approach.180  This  sudden  drop  in  1/r  has  been  proposed  is  the 
reason  for  the  appearance  of  a  "coherent"  peak  in  cr\(u)  in  studies  of  YBaoCuaOy-^ 
thin  films181'182  and  in  single  crystals  of  Bi2Sr2CaCu208l1,183  for  temperatures  just 
below  Tc  and  for  frequencies  in  the  microwave  region. 

Midinfrared  Absorption 

The  midinfrared  conductivity  that  remains  after  subtracting  the  Drude  term  or 
low-frequency  part  is  shown  in  the  top  and  bottom  panels  of  Fig.  61  for  the  a  and  b 
axes  respectively.  This  is  the  so-called  midinfrared  absorption  that  occurs  in  nearly 
all  copper-oxide  superconductors.  The  results  indicate  that  cr\MIR  does  not  have 
much  temperature  dependence.  This  is  self-consistent  with  the  fact  that  most  of  the 
temperature  dependence  in  the  total  a\(u>)  comes  from  the  relaxation  rate  of  the 
free-carrier  contribution  in  the  samples.  For  a  comparison,  Fig.  62  shows  (J\mir  f°r 
the  a  and  b  directions  at  100  and  200  K.  The  onset  of  absorption  appears  to  be  at 
around  250  cm  in  the  a  axis,  while  the  6-axis  absorption  extends  to  a  slightly  lower 
frequency  (150—200  cm-1)  and  is  higher  in  the  frequency  range  150—700  cm-  .   In 
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Fig.  61.  Midinfrared  part  to  the  total  conductivity. 
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Fig.  62.   Midinfrared  part  to  the  total  conductivity  showing  the  relative  dif- 
ference along  a  and  b  axes  at  two  temperatures  in  the  normal  state. 
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Fig.  63.    Plot  of  cti(u>)  at  T  =  20  K  in  the  a-  and  6-axis  polarizations  along 
with  the  c-axis  LO  phonons  taken  from  Reference  57. 


both  cases,  there  are  some  weak  structures  due  to  phonons  and  a  notch-like  structure 
at  w~  400  cm-1  that  appears  in  both  the  normal  and  superconducting  state.  Earlier 
optical  studies31''8  interpreted  this  notch,  which  in  samples  of  YBaoCu307_6  occurs 
at  u;~  430  cm  ,  as  the  superconducting  energy  gap.  One  problem  that  exists  with 
this  interpretation  is  that  this  minimum  in  a\(w)  is  also  observed  above  Tc  in  nearly 
all  samples,  making  its  association  with  an  energy  gap  very  unlikely.68'72'86 

An  alternative  explanation  that  has  been  proposed  is  that  all  of  the  structures 
that  appear  in  the  midinfrared  absorption  is  the  result  of  electron-phonon  interac- 
tions.103'135'136'174 As  discussed  in  Chapter  V,  these  interactions  are  between  the 
c-axis  LO  phonons  and  the  at-plane  bound  carriers.  A  supporting  evidence  for  this  is 
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shown  in  Fig.  63,  where  the  c-axis  LO  phonon  frequencies  for  Bi^Sr^CaC^Os  (Taken 
from  Reference  57)  are  plotted  along  with  a-  and  6-axis  conductivities  at  20  K.  The 
coincidence  between  the  peak  maxima  in  the  LO  phonons  and  the  minima  in  a\{u>)  is 
quite  remarkable.  Further  evidence  for  this  was  found  in  the  results  of  <j\{u)  obtained 
from  measurements  on  La2Cu04+(5  single  crystal  discussed  in  Chapter  V. 

We  now  turn  our  attention  to  broad  maximum  that  is  seen  in  the  results  of  (T\mir 
shown  in  Fig.  61  at  around  1000  cm-1.  This  maximum  appears  to  get  enhanced  in 
the  superconducting  state  and  it  is  due  to  a  minimum-like  structure  that  is  seen  the 
reflectance  shown  in  Fig.  48  in  both  a-  and  6-axis  polarizations  around  the  same 
frequency.  Similar  enhancements  have  also  been  observed  in  the  optical  conductiv- 
ity of  other  high-Tc  superconductors.  The  possible  connection  of  this  feature  with 
superconductivity  has  also  been  suggested.  For  example,  Romero  et  a/.86  found  the 
transmittance  of  BiiSi^CaCuoOs  free-standing  single  crystals  is  maximum  at  this  en- 
ergy in  the  superconducting  state  and  suggested  it  could  be  interpreted  as  the  4A 
peak  of  the  marginal  Fermi  liquid  theory.107'180 

Furthermore,  due  to  the  fact  that  this  energy  is  close  to  the  antiferromagnetic 
spin  interaction  energy  J,  it  has  also  been  attributed  to  a  magnetic  origin.2'1  Thomas 
et  al.  found  the  linewidth  of  this  midinfrared  excitation  has  a  linear  temperature 
dependence  in  lightly-doped  crystals  of  NdoCuC^-j,.  One  argument  for  its  origin  is 
that  this  electronic  band  involves  the  transition  of  a  bound  charge  coupled  to  both 
the  lattice  and  spin  excitations.  The  fact  that  the  broadening  of  this  transition  is 
linear  in  temperature  is  found  as  evidence  that  the  same  or  similar  mechanism  might 
responsible  for  the  linear  temperature  dependence  observed  in  the  scattering  rate  of 
the  mobile  carriers  in  metallic  samples.  To  further  illustrate  the  similarities,  Thomas 
et  al.  found  a  coupling  constant  in  the  order  of  A~  0.5,  which  is  close  to  the  coupling 
constant  obtained  from  the  linear  temperature  dependence  in  the  relaxation  rate  of 
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Fig.  64.  Plot  of  €\  vs.  u>~2  in  the  superconducting  state  along  the  a  direction. 

the  free-carrier  conductivity  in  the  two-component  analysis  of  our  results  an  in  other 
samples.23 


Superconducting  Condensate 

We  saw  from  the  two-component  analysis  the  a- axis  scattering  rate  for  the  Drude 
carriers  is  close  to  150  cm  at  100  K,  and  it  is  suddenly  suppress  in  the  supercon- 
ducting state.  If  1/r  at  100  K  is  used  together  with  published  estimates14'184  for  the 
Fermi  velocity  in  the  CuCs  planes  to  compute  the  mean  free  path  for  quasiparticles 
propagating  along  this  direction  we  obtain  /  =  vtT  ~  100  A.  When  this  number  is 
compared  with  the  typical  coherence  length  reported  •  for  this  and  other  high-Tc 
compounds,  (£  ~  15)  we  find  the  condition  that  places  this  and  other  type  II  high-Tc 
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materials  in  the  clean  limit,  i.e.,  I  >  (,  as  was  first  pointed  by  Kamaras  et  a/.68  In 
this  limit,  a  gap  feature  is  not  observable  because  in  the  superconducting  state  most 
of  the  spectral  weight,  which  is  associated  with  the  area  under  cri(u>),  moves  to  a 
delta  function  at  zero  frequency.  However,  there  is  a  way  to  determine  the  presence 
of  a  condensate  at  zero  frequency.  The  method  involves  the  real  part  of  the  dielectric 
function,  ei(^),  since  this  quantity  measures  the  inductive  response  that  is  respon- 
sible for  the  expulsion  of  electromagnetic  radiation  inside  a  superconductor.  It  can 
be  shown  that,  in  the  superconducting  state,  the  zero  frequency  ei(^)  is  given  by  the 

99 

expression"" 

ei(u)  =  elb-^,  (4S) 

where  u!ps  is  the  oscillator  strength  of  the  superconducting  condensate  defined  as 
Ups  —  47rnse"/m  and  ns  is  the  density  of  superfluid  carriers.  Term  en,  is  the  bound 
carrier  contribution  to  e\(u>).  Hence,  a  determination  of  the  condensate  contribution 
ujpS  to  ei(c<;)  can  be  done  by  first  plotting  e\{ui)  as  a  function  of  u~~.  As  shown  in 
Fig.  64,  the  result  of  doing  this  for  the  a-axis  results  gives  a  straight  line  whose  slope  is 
UpS  .  From  Numerical  evaluation  of  this  slope  at  T  —  20  K,  we  find  uvsa  —  9000  ±200 
cm-1.  At  this  temperature,  we  also  find  that  u>psb  =  8200  ±  200  cm-1  in  the  6-axis 
direction.  Hence,  the  results  indicate  a  superconducting-carrier  response  that  is  larger 
along  the  a-axis  direction  of  the  sample. 

An  independent  verification  of  these  results  is  obtained  by  finding  estimates  of 
the  missing  area  under  a\(uj)  in  the  superconducting  state.  This  is  done  by  subtract- 
ing the  conductivity  at  the  lowest  temperature  (T  =  20  K  in  this  case)  from  the 
conductivity  just  above  Tc  or  T  =  100  K.  Then,  the  sum  rule  or  density  of  superfluid 
carriers,  N^,m/;))i:  is  evaluated  by  performing  the  integral 

N!ff(u) /    (a(w,100K)-<r(u;,20K).  (49) 

JJ       mi       Jo 


141 


Evaluation  of  the  integral  in  Eq.  49  yields  that  Ngx-i-m/mj  ~  0.20  and  ~  0.16  along 
the  a  and  b  axes  respectively.  Hence,  by  noticing  that  (Neff  m/mb)  =  ups  mVceu / 4:W e~ 
and  from  the  known  unit  cell  volume  of  E^S^CaCuoOs,  we  find  that 


ojp3  =  19,  9WjN*ff  ~  8900cm-1 


in  the  a-axis  polarization,  while  ups  ~  8100  along  the  b  axis.   Both  quantities  agree 
with  the  results  obtained  from  the  independent  calculations  shown  above. 

«&-Plane  Anisotropy  in  the  London  Penetration  Depth 

The  London  penetration  length  \i  measures  the  distance  over  which  an  electro- 
magnetic wave  is  attenuated  inside  a  superconductor.  Since  this  length  is  a  measure 
of  the  superfluid  response  in  a  superconductor,  it  is  also  related  to  the  superfluid 
oscillator  strength  ups  by  the  formula  Xi  =  1/2ttups.  In  anisotropic  materials,  Ax  is 
a  tensor  quantity.  Hence,  polarized  infrared  spectroscopic  offers  the  unique  opportu- 
nity to  determine  the  different  components  of  this  tensor.  Other  techniques,  such  as 
magnetic  inductance  method  or  /fSR,11'185  only  give  values  of  \i  which  are  averages 
of  the  different  components  of  A^. 

Thus  by  substituting  the  ups  along  the  a  and  b  axes  of  P^S^CaC^Os,  we  find 
that  the  London  length  along  the  a  axis  \aL  ~  1800  A,  while  A^  ~  1960  A  in  the  b 
axis.  The  ratio  in  these  two  quantities  is  A;,/Aa  ~  1.1.  Before  discussing  the  possible 
reasons  for  this  anisotropy,  Fig.  65  displays  Xi  along  the  a  and  b  axes  obtained  from 
the  formula 

vh)  ss5waa(w)'  (50) 

where  ^(w)  is  the  imaginary  part  of  the  optical  conductivity.    The  fact  that  both 
curves  in  Fig.  65  are  nearly  flat  in  the  far  infrared,  approaching  the  values  given  above 
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Fig.  65.    Plot  of  the  London  penetration  length  as  a  function  of  frequency 
using  Eq.  50. 

at  u>  =  0,  suggests  that  the  only  contribution  to  <72(<*>)  is  mainly  from  the  superfluid 
carrier  response  which  in  this  case  is  (72(0;)  oc  l/o>. 

To  explain  the  source  of  this  anisotropy  the  first  thing  that  should  be  consid- 
ered is  whether  the  anisotropy  that  is  observed  in  A^  is  due  to  mass  enhancement 
effects.  In  the  normal  state,  the  a&-plane  anisotropy  in  the  dc  resistivity,  from  ex- 
trapolations of  the  optical  data  and  direct  dc  transport,  is  pb/pa  ~  1.25.  As  discussed 
previously,  the  normal-state  anisotropy  in  the  Drude  plasma  frequency  derived  from  a 
two-component  analysis  of  the  optical  data  is  found  to  be  smaller  than  this  anisotropy, 
i.e.,  uipa/upb  —  1-04  ±  0.04.  Hence,  most  of  the  anisotropy  in  p^c  is  due  to  a  free- 
carrier  relaxation  rate  that,  at  T  =  100  K,  is  20%  larger  along  the  6-axis  in  the 
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sample.  This  suggests  the  interactions,  which  are  responsible  for  the  relaxation  of  the 
free  carriers  in  the  material,  are  not  isotropic.  Thus,  we  find  that  for  the  a  axis,  ups 
is  97%  of  the  normal  state  value  of  the  upd,  while  in  the  b  direction  ujps  =  8100  ±  200 
cm-1  and  u>vd  =  8900  ±  200  cm-1.  This  suggests  that  the  relative  difference  between 
u)psa  and  ojpsi  in  the  superconducting  state  does  not  appear  to  be  related  to  a  mass 
enhancement  effect.  In  explaining  this,  it  is  noticed  that  the  zero-temperature  ex- 
trapolation of  pdc  (or  1/r)  along  the  b  axis  appears  to  be  finite,  whereas  in  the  a  axis 
the  zero-temperature  intercept  is  very  close  to  zero.  This  suggests  there  is  an  addi- 
tional scattering  channel  in  the  b  or  superlattice  direction  that  is  causing  additional 
absorption  at  finite  frequencies  in  the  superconducting  state.  This  could  explain  a 
larger  value  for  \i  when  the  electric  field  is  polarized  along  this  direction. 

Optical  Conductivity  and  Symmetry  of  the  Order  Parameter 

One  of  the  most  fundamental  aspects  regarding  the  microscopic  description  of 
superconductivity  is  the  symmetry  of  the  order  parameter.  In  Chapter  IV,  a  dis- 
cussion was  given  about  pairing  scenarios  that  have  been  proposed  in  the  copper- 
oxide  superconductors  mainly  from  electromagnetic  penetration  depth  and  ARPES 
measurements.  The  interpretations  of  these  results  strongly  suggest  that  the  order 
parameter  in  the  high-Tc  materials  is  highly  anisotropic,5'7'55'116'127-130'186  with  some 
studies  predicting  an  order  parameter  with  dxi_yi  symmetry.5'11  ' 

An  answer  to  the  important  question  of  the  symmetry  of  the  order  parameter  in 
a  superconductor  can  be  obtained,  in  principle,  from  anisotropy  in  the  electromag- 
netic absorption  cti(cj).  By  considering  first  a  superconductor  with  isotropic  s- wave 
order  parameter  A,  Mattis  and  Bardeen  derived187  an  expression  for  the  ratios  of  the 
conductivity  in  the  the  superconducting  and  normal  states.  The  formula  adapted  for 
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a  type  II  superconductor  in  the  dirty  limit  can  be  written  as188 

al8         1     f°°    \(E(E  +  hu)  +  A2\[f(E)-f(E  +  hu)} 


an        hw  J^        (£2  _  A2)1/2[(E  +  huy  -  A2)]i/2 


dE  (51) 


where  E  is  the  quasiparticle  energy  and  E'  =  E  +  hu.  The  Fermi  distribution  function 
is  denoted  by  f(E).  A  numerical  evaluation  of  Eq.  51  at  zero  temperature  indicates 
that  a\s  vanishes  for  u  <  2A.  The  missing  spectral  weight  of  o\s  in  the  range 
0  <  U  <  2A  is  argued  appears  as  a  6-function  at  u  —  0.  A  physical  explanation  for 
this  is  given  in  the  context  of  the  BCS  theory  where  excitations  of  Cooper  pairs  at 
T  =  0  can  only  occur  for  energies  larger  than  2A.  In  the  case  of  finite  temperatures, 
thermally  exited  quasiparticles  can  give  rise  to  a  Drude-like  contribution  to  0"i(w) 
with  a  width  in  the  order  of  1/r. 

Similarly,  a  superconductor  with  a  gap  function  that  has  nodes  on  the  Fermi 
surface  will  also  result  in  a  finite  contribution  to  o\  (a;)  for  u>  <  2 A  even  at  zero  tem- 
perature. The  reason  for  this  is  that  it  only  takes  an  arbitrarily  small  energy  to  excite 
Cooper  pairs  of  electrons  close  to  the  location  of  the  nodes  on  the  Fermi  surface.  In 
general,  it  takes  long  and  laborious  analytical  and  numerical  calculations  to  obtain  a 
quantitative  of  effect  of  a  nonisotropic  gap  in  the  spectrum  of  a\(u>)  in  the  supercon- 
ducting state.  Using  a  self-consistent  T-matrix  approximation,  Hirschfeld  et  a/.189 
carried  out  the  calculation  of  o\sjon  for  unconventional  nons-wave  superconductors. 
It  is  found  the  results  reproduce  the  Mattis-Bardeen  formula  for  conventional  type  II 
superconductors  in  the  dirty.  Furthermore,  the  Mattis-Bardeen  formula  is  not  recov- 
ered for  a  unconventional  superconductor  in  the  case  of  high  impurity  scattering.  In 
the  collisionless  limit  with  a  small  scattering  phase  shift,  which  would  be  the  appro- 
priate limit  for  the  high-Tc  superconductors,  an  expansion  of  o\sj an  in  u>  indicates  a 
square  power  law  dependence  for  ui  close  to  zero  in  the  case  of  a  gap  function  with 
polar  symmetry,  while  it  is  found  a  u    for  gap  with  axial  symmetry.    Hence,  these 
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results  indicate  that  for  a  superconductor  with  anisotropic  order  parameter,  electro- 
magnetic radiation  is  always  absorbed  for  frequencies  down  to  u  =  0  and  that  the  low 
frequency  o"i(u;)  will  show  substantial  anisotropy  when  measured  on  a  single  crystal. 

The  results  shown  here  unambiguously  show  that  the  ai-plane  optical  response 
of  E^S^CaCuoOs  is  anisotropic  both  above  and  below  Tc.  The  a-axis  reflectance 
in  the  superconducting  state  reaches  almost  100%  for  frequencies  in  the  far  infrared, 
while  there  is  a  difference  in  the  reflectance  level  (Ra  >  Rb)  in  the  order  1—2%.  To 
illustrate  this,  we  show  in  Fig.  49  the  relative  absorptivity  (Ra  —  R\,  —  Af,  —  Aa)  at 
20  K  for  two  different  samples.  Then,  a  Kramers-Kronig  analysis  of  the  reflectance  in 
the  two  polarizations  gives  anisotropy  in  (J\(oj).  In  the  normal  state  the  anisotropy 
in  the  far-infrared  conductivity  is  in  the  order  of  20%  larger  along  the  a-axis.  In  the 
superconducting  state,  the  anisotropy  in  cti(cj)  is  a  factor  of  two  larger  along  the  b 
axis  down  to  the  lowest  frequency  measured  in  the  experiment. 

Of  the  two  possibilities  that  have  been  proposed  to  explain  the  optical  conduc- 
tivity in  the  copper-oxide  superconductors,  there  will  be  two  interpretations  that  can 
be  advanced  for  this  low-frequency  anisotropy  below  Tc.  If  a  one-component  analysis 
with  a  frequency  dependent  1/r  is  used  to  explain  these  results,  the  superconducting- 
state  conductivity  should  then  be  due  to  excitations  across  the  superconducting  gap. 
The  observed  anisotropy  in  (T\(uj)  below  Tc  will  imply  an  order  parameter  consistent 
with  a  Cov  rather  than  a  C\v  symmetry.  If  this  interpretation  is  taken,  these  data 
are  incompatible  with  s-wave  pairing  or  pure  d^^gap  symmetry.  The  results  would 
be  compatible  with  a  p-wave  gap,  a  combination  of  s  and  d  pairing  or  with  some  d- 
wave  order  parameter  like  the  dxz  that  has  been  suggested  in  a  recent  photoemission 
experiments.7 

In  the  second  interpretation,  if  the  conductivity  is  decomposed  in  two  components, 
explanation  for  the  observed  anisotropy  in  aa  and  07,  could  then  be  due  to  two  factors. 
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Above  Tc  the  free-carrier  damping  rate  is  20%  stronger  along  b  (1/t(100K)  =  180 
cm-1  for  the  b  axis  and  150  cm-1  for  the  a  axis).  Above  and  below  Tc,  the  second 
midinfrared  component  has  a  larger  contribution  along  b  than  along  the  a  axis.  This 
anisotropy  is  compatible  with  the  observed  orthorhombic  unit  cell  in  this  material. 


CHAPTER  VIII 

RESISTIVITY  TENSOR  OF  Bi2Sr2CaCu208 

SINGLE-DOMAIN  CRYSTALS 

The  anisotropy  that  is  observed  in  the  transport  properties  of  the  copper-oxide 
superconductors  is  another  indication  of  the  anisotropy  that  is  present  in  their  crystal 
structure  as  was  discussed  in  Chapter  II.  For  example,  the  2-dimensional  stacking  of 
the  Cu02  planes  is  considered  the  main  reason  why  the  conduction  of  electrical  current 
is  basically  a  2-dimensional  process  in  these  materials.  Hence,  this  anisotropy  provides 
a  natural  explanation  for  the  observed  much  lower  conductivity  along  the  c  axis  in 
comparison  to  the  higher  conductivity  in  the  basal  planes.  Moreover,  it  has  become 
evident  that  anisotropy  in  the  electrical  properties  is  not  just  limited  for  transport 
within  and  between  the  Cu02  planes.  It  has  become  clear  the  transport  properties 
within  the  orthorhombic  planes  of  these  materials  exhibit  anisotropic  properties  as 
well.  In  YBa2Cu307_5,  for  example,  anisotropy  ratios,  pa/ pb,  in  the  order  of  2:1  have 
been  reported  in  the  literature.16'190  These  results  conclusively  show  the  b  or  the 
CuO  chain  direction  is  more  conductive  in  this  material.  This  is  also  consistent  with 
the  anisotropy  that  has  also  been  observed  in  the  far-infrared  conductivity  of  single- 
domain  crystals  of  YBaoCu3  07_^  shown  in  Chapter  VI  and  reported  in  previous 
measurements. 

There  have  been  two  reports  of  the  basal  plane  resistivity  anisotropy  in 
BioS^CaCuoOs  as  well.  In  this  case,  the  results  appear  to  be  somewhat  conflict- 
ing about  whether  the  a  or  b  direction  is  more  conductive.  In  one  study,  Martin 
et  al.  reported  the  conductivity  parallel  to  the  b  axis,  or  superlattice  direction,  is 
a  factor  of  two  larger  compared  to  the  a  axis,  while  Yamaya  et  a/.191  reported  the 
higher  conductivity  of  Bi2Sr2CaCu20s  is  along  the  a  axis. 
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This  chapter  is  devoted  to  presenting  dc  resistivity  measurements  along  the  three 
principal  axes  of  F^S^CaCi^Os  single-domain  crystals.  These  measurements  are 
unique,  in  comparison  with  previous  measurements,  in  the  sense  they  were  performed 
on  the  same  crystals  that  were  studied  using  polarized  optical  reflectance  along  the 
principal  axes  in  the  ab  plane.  Hence,  this  enable  a  direct  comparison  of  the  results  of 
the  a6-plane  anisotropy  in  the  frequency-dependent  conductivity  with  the  anisotropy 
directly  measured  using  dc  resistivity  methods. 

Sample  Preparation  and  Measurement  Method 
Sample  preparation  method  is  as  described  on  p.  65.  We  cleaved  and  cut  two 
pieces  from  a  sample  that  was  previously  studied  using  polarized  reflectance  in  the  ab 
plane.  The  dimensions  along  the  three  principal  axes  for  sample  one  were  La  =  0.S4 
mm,  Li  =  0.73  mm,  and  Lc  =  5.4  x  10~3  mm.  Sample  two  had  the  dimensions 
La  =  0.59  mm,  L\,  =  0.73  mm,  and  Lc  —  12.6  x  10-3  mm.  Gold  contacts  were 
evaporated  near  the  corners  on  each  sample.  In  the  case  of  sample  one,  contacts  were 
placed  as  shown  schematically  in  Fig.  66  (Sample  two  only  had  contacts  on  the  ab 
plane).  The  evaporation  of  gold  pads  was  followed  by  an  annealing  procedure  that  was 
performed  at  a  temperature  of  ~  340  °C  in  flowing  O2  for  a  period  of  6  hours.  This 
heat  treatment  lowered  the  contact  resistance  and  ensured  a  stable  Ohmic  behavior 
of  the  contacts  with  temperature  cycling.  As  a  first  step,  very  fine  gold  wires  (20 
/mi  diameter)  were  first  soldered  to  a  connector  with  up  to  six  gold  coated  pins.  The 
other  end  of  these  wires  were  then  affixed  to  each  of  the  contact  pads  on  the  sample 
under  a  microscope  using  fast-drying  Ag  paint.  The  measured  contact  resistance  of 
the  completed  electrode  was  2  Q  or  less.  The  connector  (with  the  sample  attached) 
was  then  mounted  on  a  lead  probe  that  was  thermally  anchored  to  the  cold  head  of  a 
closed-cycle  refrigerator  (CTI  Cryogenics).  A  couple  of  radiation  shields  were  placed 
on  top  of  the  cold  head  to  ensure  uniform  temperature  across  the  probe  leads  and  the 
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sample.  The  sample  temperature  was  monitored  with  a  temperature  controller  (Lake 
Shore  DRC  SOC)  that  was  connected  to  a  silicon  diode  sensor  and  a  heater  element 
both  attached  to  the  cold  head  of  the  cryostat  unit.  A  typical  run  was  done  by  first 
cooling  down  the  sample  to  the  desired  temperature,  and  taking  the  data  in  the  warm 
up  cycle.  Temperature  reproducibility  obtained  in  this  set  up  has  been  determined 
to  be  ±0.2  K  or  better  over  the  temperature  range  measured  (70—300  K). 


Fig.  66.  Contact  arrangements  on  sample  one. 


Table  4.  Voltage-current  ratios  (Vn/In)  for  dif- 
ferent contact  configurations  to  obtain  the  Rn 
values  on  sample  one. 
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Fig.  67.  Resistance  measurements  on  the  ah  plane  (top  part)  and  the  ac  face 
(bottom  part)  of  sample  one. 
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The  resistance  measurements  were  obtained  as  voltage-current  ratios  (R  =  V/I) 
by  using  a  standard  ac  phase-sensitive  technique  with  an  excitation  current  of  ~ 
700— /iA  and  a  frequency  of  /  ~  22  Hz.  The  results  were  insensitive  to  the  size  of 
the  current.  The  contact  configuration  on  sample  one  allowed  the  measurement  of 
voltage-current  ratios  on  two  faces  of  the  crystal,  i.e.,  ab  and  ac  faces,  while  for  sample 
two  we  measured  resistances  for  current  mostly  along  the  a-  and  6-axis  directions.  The 
results  of  the  measurements  on  sample  one  are  shown  in  Fig.  67,  while  the  results  on 
sample  two  are  in  Fig.  68.  As  an  example,  the  R\  shown  in  Fig.  67  corresponds  to 
the  ratio  of  a  voltage  that  is  taken  from  contacts  3,4  to  an  current  applied  through 
1,2  on  the  ab  face.  The  other  current-voltage  configurations  are  illustrated  in  Table  4 
The  bottom  part  of  Fig.  67  shows  the  resistances  obtained  measured  on  the  ac  face. 
It  can  be  seen  in  both  figures,  in  spite  of  the  fact  that  the  c-axis  dimension  is  much 
smaller  compared  to  the  a  or  6-axis  dimensions  the  resistance  measured  across  this 
direction  (R3)  is  comparable  in  magnitude  to  the  resistance  measured  either  along 
a  or  b.  In  addition,  the  increasing  resistance  as  the  temperature  is  lowered  clearly 
points  to  semiconducting-like  behavior  for  electronic  conduction  along  the  c  axis.  By 
contrast,  when  most  of  the  current  is  limited  to  the  a  or  6  direction  of  the  crystal,  the 
resistance  decreases  as  the  temperature  is  lowered.  There  is  some  flattening  in  the 
ab  plane  results  below  150  K  that  is  due  to  the  increasingly  higher  c-axis  component 
of  the  resistivity.  Since  it  is  expected  that  pai  <C  pc,  most  of  the  current  will 
be  confined  to  a  few  layers  on  the  surface.  This  is  reflected  in  Fig.  67,  where  the 
magnitude  of  R4,  which  is  obtained  by  applying  the  current  on  one  side  while  the 
voltage  is  measured  on  the  other,  diminishes  greatly  even  before  the  sample  enters 
in  the  superconducting  state.  Hence,  the  measured  resistances  are  influenced  by  the 
geometry  of  the  contact  configurations  and  they  do  not  necessarily  reflect  the  true 
behavior  of  the  resistivity  tensor  along  the  principal  axes  of  the  sample.    This  will 
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become  evident  when  describing  the  method  used  in  extracting  pa,  />j,  and  pc  in  the 
next  section. 

Resistivity  Analysis  for  Anisotropic  Materials 
The  electrical  resistivity  p  is  defined  in  terms  of  the  vector  electric  field  E  and 
the  vector  current  density  J  by  the  equation 

E  =  p3,  (52) 

where  p  a  is  geometrical  invariant  given  by  the  formula 

p  =Rj,  (53) 

and  R  is  the  resistance  measured  on  a  solid  by  determining  the  voltage  drop  along  the 
length  L  and  with  current  flowing  through  the  cross  sectional  area  A.  In  anisotropic 
systems,  p  is  a  second-rank  tensor.  There  are  several  methods  to  determine  the 
components  of  the  resistivity  tensor  for  anisotropic  conductors.  Since  the  results  of 
Fig.  67  suggest  our  crystal  is  electrically  thick,  the  Montgomery  analysis192  in  its 
original  form  can  not  be  used  to  extract  the  resistivities  in  the  crystal.  Instead, 
the  transformation  to  the  resistivity  tensor  from  the  voltage-current  ratios  that  are 
obtained  from  the  contact  configurations  shown  in  Fig.  66  are  obtained  by  following 
the  next  two  steps.  The  first  one  involves  the  use  of  a  simple  theorem  based  on  work 
by  van  der  Pauw193  to  map  an  anisotropic  crystal  of  physical  dimensions  Li  into  an 
equivalent  isotropic  block  of  scaled  dimensions  /,-.  The  mapping  in  the  van  der  Pauw 

method  is  done  through  the  expressions 

/     \  1/2 
U  =  U  l^J       ,  (54) 

P  =  {piP2Pz)ll\  (55) 

where  pi  and  p  are  the  resistances  of  the  anisotropy  and  equivalent  isotropic  crystals 
respectively.  The  second  step  involves  solving  the  problem  for  the  resistivity  p  of  an 
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Fig.  68.  Top  part:  Resistance  measurements  on  the  ab  face  of  sample  two. 
Bottom  part:  Component  of  the  resistivity  tensor  along  a  and  b  axes  for 
sample  2  derived  from  a  fit  to  the  resistance  data. 
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isotropic  rectangular  block  with  dimensions  /,-,  /_,-,  and  l^.  Let  us  consider  the  situation 
when  a  current  /,•  is  injected  in  two  corners  of  the  ij  face  along  the  i  direction  and 
the  voltage  Vij  is  read  in  two  adjacent  corners  on  the  same  face.  This  problem  was 
first  solved  analytically  by  Logan,  Rice  and  Wick.194  In  the  solution,  they  found  that 
the  resistance  defined  by  the  voltage-current  ratio 


can  be  written  as 


1x1 


where  M^  is  a  geometrical  factor  that  only  depends  on  the  solid  dimensions,  /;,  h 
and  /ju.  It  can  be  shown  the  calculation  of  M\J  is  reduced  to  finding  the  sum  of 
electrostatic  potentials  produced  by  a  3-dimensional  array  of  plus  and  minus  charges 
by  using  the  method  of  images.194  The  result  is 

*K8£E*,Aw  (58) 

m=ln=U      J  J 

where  e0  =  l;  e„=2  for  n  ^  0  and 

5?mn  =  x2(2m  +  l)2(|)2  +  xV(|y.  (59) 

Then,  by  substituting  the  van  der  Pauw's  formulae  (Eq.  54  and  Eq.  55)  for  the 
mapping  of  the  anisotropic  crystal  in  the  previous  two  equations,  it  is  obtained 

*?  =  (tt1)  EEc-    ■';,,    v  W 

\  ^i^k  /       _,    _„  "->!Jmnslnn^Ojjmn  J 
where  now 

^"!«2™  +  1»!©!(^"V©!fe)'         (61) 

The  problem  has  been  reduced  to  finding  the  resistivities,  pi,  that  will  satisfy  these 
equations  in  term  of  the  measured  R1? . 
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A  non-linear  fit  to  the  data  was  done  by  using  a  grid-search  method  as  described 
by  Bevington  et  a/.195  The  procedure  is  simply  to  select  starting  parameters,  in  this 
case  the  resistivities  pa,  pi,  and  pc,  and  then  to  find  the  value  of  the  resistivities 
that  best  fit  the  measured  R{  values.  The  optimization  of  parameters  was  done  by 
minimizing  the  value  of  X"  defined  by  the  formula 

x2  _     (Jt/.-.  _  gff 

where  the  sum  is  over  all  the  data  points  and  Oi  is  the  uncertainty  in  the  resistance 
measurements,  which  was  estimated  from  the  last  significant  digits  in  the  current  and 
voltage  readings.  The  optimization  of  the  parameters  is  performed  cyclically  until  a 
best  fit  is  found  that  minimizes  X2  defined  in  Eq.  62.  This  procedure  is  repeated  at 
each  temperature  until  a  set  of  resistivities  (pa,Pbi  Pc)  is  generated.  One  aspect  that 
we  considered  in  this  procedure  is  to  ensure  that  each  set  of  resistivities  obtained  at 
each  temperature  yield  the  absolute  minimum  for  X".  If  the  parameters  are  strongly 
correlated  with  variations  of  X  ,  then  the  convergence  to  the  "true"  minimum  will 
not  be  guaranteed  and  the  convergence  will  be  slow.  The  convergence  in  the  method 
was  tested  by  changing  the  starting  parameters  and  letting  the  program  to  determine 
to  best  fit.  We  found  the  results  were  insensitive  to  this,  only  the  time  to  determine 
a  satisfactory  fit  changed  depending  on  the  initial  parameters. 

Figure  67  and  the  top  part  of  Fig.  68  display  the  resistance  measurements  with 
the  fitted  value  for  sample  one  and  two  respectively.  In  fitting  the  results  for  sample 
two,  we  used  the  values  of  the  resistivity  pc  generated  from  sample  one,  and  let  the 
program  to  generate  new  values  for  pa  and  p^.  Overall,  we  observe  Eq.  60  provides 
reasonable  good  fits  to  the  resistance  data.  There  appears  to  be  systematic  differences 
of  the  measured  and  predicted  values  of  the  resistances  in  Fig.  67.  There  could  be 
many  reasons  for  this.   One  is  a  combination  of  the  2-dimensionality,  i.e.,  pc  ^>  pai, 
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that  causes  the  sample  to  be  electrically  thick  and  the  very  layered  nature  of  the 
sample.  Hence,  small  uncertainties  in  the  thickness  of  the  sample  could  translate  into 
a  relatively  large  difference  in  the  measured  resistance  with  respect  to  the  predicted 
one.  Other  effects  that  could  come  into  play  to  explain  the  systematic  differences 
are  inhomogeniety,  finite  size  effects  of  the  contacts,  and  slight  misalignment  of  the 
contacts  on  the  sample. 
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Fig.  69.  Resistivity  tensor  for  sample  one  derived  from  a  fit  to  resistance  data 
using  Eq.  57. 
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Fig.  70.    Top  part:    Resistivity  ratio  Pb/pa]  bottom  part:    Resistivity  ratios 
Pel  Pa  and  pel  Pb  for  sample  one. 
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Resistivity  Tensor 

c-Axis  Results 

The  results  of  the  resistivities  in  the  three  principal  axes  are  shown  in  Fig.  69. 
It  is  clear  the  resistivity  in  the  c-direction  is  much  higher,  by  a  factor  of  104,  when 
compared  to  the  room  temperature  values  in  the  ai-plane.  This  anisotropy  grows 
even  larger  a  low  temperature  as  shown  in  the  bottom  part  of  Fig.  70.  As  results 
of  this  anisotropy,  the  Bi2Sr2CaCu20g  material  exhibits  a  much  more  pronounce  2- 
dimensional  behavior  in  comparison  to  other  copper-oxide  superconductors.  More 
evidence  of  this  is  seen  in  that  pc  has  a  temperature  dependence  that  shows  a 
semiconducting-like  behavior  that  is  in  sharp  contrast  to  the  linear  temperature  de- 
pendence that  is  observed  in  the  resistivity  along  the  a  or  b  axis.  To  explain  this 
behavior,  Anderson  and  co-workers  have  proposed  a  model  in  which  the  c-axis 
resistivity  is  assumed  to  contain  a  1/T  dependence  term  (in  addition  to  a  linear)  that 
is  related  to  the  quasiparticle  tunneling  across  the  c-axis  direction.  Such  picture  will 
be  consistent  with  a  holon-spinon  model  for  the  transport  of  charge  in  the  high-Tc 
systems.  However,  the  validity  of  this  model  is  challenged  by  the  fact  that  in  other 
copper-oxide  superconductors,  such  as  YBa2Cu307_$,  the  temperature  dependence 
of  pc  is  found  to  vary  from  semiconducting  in  reduced  Tc  samples  to  linear  in  fully 
oxygenated  90  K  samples16'197.  Since  similar  changes  in  pc  with  doping  have  been  ob- 
served in  other  type  of  samples,  it  is  now  thought  that  the  c-axis  resistivity  in  these 
materials  is  more  sensitive  to  the  presence  of  doping  and/or  impurities  between  the 
Cu02  layers  in  the  sample  than  to  any  intrinsic  mechanism.  The  strong  anisotropy 
that  is  observed  in  E^Si^CaCmOs  could  be  due  to  the  fact  that  the  entities  that 
separate  the  CuC>2  planes  in  this  material,  the  BioC^  layers,  have  an  insulating  char- 
acter. However,  this  point  has  also  been  disputed  by  a  photoemission  study  where  it 
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has  been  shown  the  B19O2  layers  can  have  metallic-like  behavior  in  samples  annealed 
in  a  high-oxygen  pressure  environment.198 

Anisotropy  in  the  afr-Plane  Resistivity 

We  now  turn  our  attention  to  the  anisotropy  that  was  observed  within  the  ah 
plane  of  the  samples.  From  the  ratios  shown  in  the  top  of  Fig.  70,  it  is  clear  the 
anisotropy  in  the  a6-plane  resistivity  is  not  as  strong  as  with  respect  to  the  c  axis, 
the  resistivity  along  the  b  axis  is  higher  by  about  20%  in  sample  one,  while  it  was 
found  in  sample  two  Pb/pa  ~  1.35.  The  reasons  for  this  could  be  due  to  a  small 
contact  misalignments  in  the  two  samples  or  a  slightly  different  oxygen  stoichiometry 
in  sample  two,  since  this  sample  was  reannealed  after  it  was  cleaved.  The  close  agree- 
ment in  the  anisotropy  between  the  dc  and  far-infrared  conductivity  we  measured  on 
the  same  E^S^CaCuoOs  crystal  gave  us  a  consistency  check  in  our  transport  mea- 
surements. Furthermore,  these  results  are  in  agreement  with  the  results  of  Yamaya  et 
al.  although  they  report  a  larger  anisotropy  with  a  resistivity  that  is  several  times 
lower  along  the  a  axis. 

The  enhanced  conductivity  that  Friedmann  et  a/.16  found  along  the  b  axis  in 
YBa2Cu307_,5  single-domain  crystals  (pa/pb  ~  2.2)  was  attributed  to  the  influence 
of  the  chains  in  the  Cu02  planes  of  this  compound.  This  means  the  oxygen  atoms 
that  are  presents  in  the  CuO  chains  of  this  compound  are  providing  some  free  carriers 
(preferentially  along  the  b  axis  of  the  crystal)  in  addition  to  doping  the  CuOo  planes. 

If  the  anisotropy  that  is  observed  in  Bi2Sr2CaCu20s  is  then  due  to  the  presence 
of  the  incommensurate  superlattice  modulation  that  is  present  along  the  b  axis  of 
this  material,  the  results  suggest  this  structure  is  providing  a  deleterious  effect  to  the 
conduction  of  charge  in  the  Cu02  planes  of  this  compound.  For  such  interpretation  to 
hold  some  validity,  one  possible  explanation  could  be  the  incommensurate  structure 
is  providing  an  additional  channel  for  scattering,  due  to  possible  disorder,  for  the 
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free  carriers  moving  along  this  direction  that  is  absent  in  the  direction  perpendicular. 
As  was  discussed  in  Chapter  V,  analysis  of  the  far-infrared  conductivity  in  the  two- 
component  picture  suggested  the  temperature  dependence  in  the  free-carrier  part 
scattering  rate  is  anisotropic.  At  100  K,  1/r  is  20%  higher  along  the  b  axis  of  the 
crystal.  This  picture  would  seem  consistent  with  the  interpretation  expressed  above. 
It  should  be  noticed  that  such  additional  elastic  scattering  channel  is  also  suppressed 
in  the  superconducting  state. 

Temperature  Dependent  nb-Plane  Resistivity 

Next,  we  turn  our  attention  to  the  temperature  dependence  of  the  ai-plane  resis- 
tivity. The  high  linearity  in  the  temperature-dependent  resistance  is  shown  in  Fig.  71, 
where  a  third  sample  was  measured  by  using  four  probe  contacts  with  current  along 
the  a  axis  of  the  sample.  The  configuration  of  the  contacts  was  such  that  the  the  c- 
and  &-axis  current  paths  were  basically  short-out  by  the  Ag  contacts.  The  numerical 
derivative  of  the  curve  is  obtained  by  defining  a  power-law  resistivity  in  the  form 

p(T)  =  ATQ  +  B,  (63) 

where  A  and  B  are  constants  and  a  is  the  exponent  defined  by 

"  =  B.W  (64) 

The  results  of  a  numerical  evaluation  of  Eq.  64  are  shown  in  the  bottom  part  of 
Fig.  71.  It  is  seen  here  the  exponent  or  the  value  of  a  is  very  close  to  1. 

Since  the  temperature  dependence  shows  a  high  linearity  for  the  results  of  sample 
one  and  two  over  the  measured  temperature  range,  we  performed  a  fit  to  the  data 
using  the  equation 

p(T)  =  AT  +  B,  (65) 

where  A  and  B  are  the  slope  and  intercept  respectively.  The  results  for  the  a  axis  yield 
a  slope  that  is  Aa  ~  0.70  fifl-cm/K  and  an  intercept  that  is  nearly  zero  (Ba  ~  3  —  6 
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/if2-cm).  The  results  for  the  b  axis  yield  a  slope  that  is  slightly  higher,  Ai  ~  0.73  //fi- 
cm/K  and  a  finite  intercept,  B\,  ~  25  —  30  /if2-cm.  These  results  are  nearly  the  same 
in  sample  one  and  two  (the  slope  for  the  a-axis  results  in  sample  three  is  Aa  ~  0.60 
/zfi-cm/K).  A  discussed  in  Chapter  VII,  the  linear  temperature  dependence  in  the 
scattering  rate  allowed  us  to  determine  a  coupling  constant  A  in  the  order  Xa  ~  0.35 
and  A;,  ~  0.31.  These  results  imply  the  coupling  of  the  carriers  to  the  excitations  that 
are  causing  the  scattering  is  in  the  weak-coupling  limit. 

Closer  Look  to  the  Transition  Temperature 
This  section  is  devoted  to  results  of  a  closer  look  to  Tc  in  the  BioS^CaCmOs 
samples  that  were  studied  as  a  function  of  current  flow  along  each  of  the  three  principal 
axes  of  the  sample.  A  closer  look  to  the  results  shown  in  Fig.  67  and  in  Fig.  68 
reveals  the  actual  transition  temperature  at  which  zero  resistance  is  obtained  differs 
depending  on  which  direction  the  current  flows.  There  are  examples  in  the  literature 
of  split  superconducting  transitions  in  the  copper-oxide  superconductors.19,199-202  In 
one  of  those  studies,  Bucher  et  a/.201  found  a  difference  in  Tc  in  single-domain  crystals 
of  YBa2Cu307_5  in  the  order  of  1—2  K  higher  along  the  a  axis.  However,  these  results 
were  found  reproducible  in  only  one  of  the  sample  that  was  studied. 

In  what  relates  to  the  Bi2Sr2CaCu20s  materials,  Wan  et  a/.19  reported  the  re- 
sistive transition  of  BioSi^CaC^Os  single  crystals  along  the  c-axis  is  found  to  be 
higher  (by  2—3  K)  in  comparison  to  the  results  in  the  basal  planes.  In  this  study, 
which  did  not  address  anisotropy  in  the  ab  plane,  the  zero  magnetic  field  upper  Tc 
was  interpreted  as  corresponding  to  Josephson  coupling  of  parallel  CuCs  bilayers, 
and  the  lower  Tc  to  a  Kosterlitz-Thouless  transition  in  the  two-dimensional  Cu02 
planes.  It  was  found  in  other  report"  that  the  onset  of  superconductivity  in  iodine 
intercalated  Bi2Sr2CaCu2  0s  single  crystals  shows  some  anisotropy  in  the  ab  plane  as 
well. 
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Fig.  71.  Top  part:  Resistivity  vs.  temperature  along  a  axis  for  a  third 
Bi2Sr2CaCu208  sample.  Bottom  part:  Result  of  numerical  evaluation 
of  exponent  a  using  Eq.  64. 
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Fig.  72.  Expanded  view  of  the  resistance  vs.  temperature  near  Tc  for  sample 
one. 


Results  and  Discussion 

A  closer  look  of  the  transition  to  the  superconducting  state  is  shown  in  Fig.  72 
and  Fig.  73  for  sample  one  and  two  respectively.  In  these  results,  we  observed  that, 
when  measured  on  the  same  sample,  the  zero  resistance  value  is  different  depending 
on  the  direction  the  current  is  applied.  To  rule  out  other  possible  effects  such  as 
heating  effects  by  the  current  or  thermal  gradient  on  the  sample  the  experiments  were 
ran  with  lower  currents  (a  factor  of  10  smaller)  and  the  sample  was  more  carefully 
shielded  from  the  room  temperature  outside.  We  finally  became  convinced  of  these 
results  after  reviewing  earlier  resistance  vs.  temperature  measurements  on  samples 
that  had  "bad"  contacts.  In  one  of  those  samples,  four  gold  strips  were  evaporated 
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Fig.  73.  Expanded  view  of  resistance  vs.  temperature  near  Tc  for  sample  two. 


on  a  rectangular  piece  of  the  material  to  perform  four-probe  resistance  measurements 
along  the  b  axis  of  the  crystal.  The  results  of  the  resistance  vs.  temperature  showed  an 
upturn,  typical  of  the  c  axis,  followed  by  a  two-step  transition  to  the  superconducting 
state.  We  initially  discarded  this  data,  since  we  were  expecting  a  linear  drop  in 
the  resistivity  as  function  of  temperature.  A  reannealing  procedure  of  the  sample  in 
flowing  oxygen  at  600  °C  for  12  hours  and  then  in  argon  at  720  °C  for  12  more  hours 
did  not  change  these  results.  It  was  later  realized  the  current  leads  on  this  sample  had 
a  current  path  that  included  currents  along  the  b  and  c  axes  of  the  sample.  Hence, 
after  repeated  measurements  with  other  samples,  we  finally  realized  the  Tc  is  slightly 
higher  (by  as  much  as  2—3  K)  when  current  flows  along  either  the  a  or  c  direction 
in  comparison  to  the  result  obtained  along  the  b  axis.    So  far,  these  results  have 
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been  found  reproducible  in  one  batch  of  samples.  Measurements  on  another  batch 
of  samples  from  a  different  source,  with  some  what  poorer  quality  (determined  by 
a  broader  transition)  did  not  show  differences  in  Tc.  Attempts  are  being  made,  as 
of  this  writing  to  find  reproducibility  in  these  results  by  looking  other  samples  with 
better  qualities. 

In  explaining  these  results,  the  first  thing  that  should  be  addressed  is  homogeneity 
of  the  sample.  In  general,  the  Tc  in  the  copper-oxide  superconductor  is  very  sensitive 
to  the  amount  of  doping  that  is  present  in  the  sample.  Hence,  depending  on  the 
annealing  history,  the  exact  Tc  might  vary  by  a  few  degrees.  This  point  is  addressed 
in  the  results  shown  in  Fig.  73.  We  observe  that  in  this  sample,  which  came  from  the 
one  that  was  reannealed  as  mentioned  above,  the  overall  Tc  hardly  changed  and  the 
sample  still  shows  two  Tc  in  the  ab  plane. 

The  next  question  is  what  effect,  if  any,  would  have  the  superlattice  modulation 
in  the  transport  properties  of  the  Bi2Sr2CaCu2  0s  compound.  Although  the  physical 
origin  of  the  structure  is  not  known,  it  is  believed  the  superlattice  is  the  result  of 
partial  substitution  of  some  of  the  Bi  sites  in  a  way  which  is  periodic  along  the  b  axis 
in  the  bismuth-rich  layer.  The  period  of  the  structure  is  incommensurate  with  the 
crystallographic  6-axis  dimension  in  the  unit  cell  and  it  is  on  the  order  of  4.76.  A 
simple  explanation  of  the  two  Tc  observed  in  the  sample  could  be  done  by  considering 
pinning  effects  of  the  superlattice  as  a  function  of  the  current  density  direction  along 
the  three  crystallographic  axes  in  the  sample.  To  provide  a  qualitative  picture  for 
this,  we  will  address  next  the  vortex  state  in  type  II  superconductors. 

Review  of  Flux-Flow  Resistance  and  Kosterlitz-Thouless  Transition 

Two  of  the  most  fundamental  lengths  in  a  superconductor  are  the  London  pen- 
etration length  Xi  and  the  coherence  length  £ .  The  Ginzburg-Landau  parameter  k, 
that  is  defined  as/c  =  A^/£ ,  gives  an  indication  of  the  response  of  the  superconductor 
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to  a  magnetic  field.  A  superconductor  is  considered  type  I  when  k  =  \lI£  <  1- 
This  means  that  when  an  external  magnetic  field  is  applied  to  the  sample,  it  will  be 
expelled  from  inside  until  the  field  reaches  a  critical  value,  called  Hc,  and  the  super- 
conductivity is  complete  destroyed.  In  the  opposite  case,  when  k  =  \l/£  >  1,  the 
superconductor  is  considered  type  II.  In  this  case,  there  are  two  thresholds  for  the 
applied  magnetic  field.  Initially,  there  will  be  a  regime  where  not  field  can  penetrate 
the  sample.  When  the  field  exceeds  a  value  called  Hc\,  the  field  is  only  partially  ex- 
clude and  the  specimen  remains  electrically  superconducting.  Only  at  a  much  higher 
field,  Hcii  does  the  flux  penetrate  completely  and  superconductivity  vanishes.  Hence, 
a  type  II  superconductor  in  the  mixed  state  is  characterized  by  the  circulation  of  su- 
perconducting currents  in  vortices  throughout  the  bulk  of  the  sample.  The  amount  of 
field  inside  the  core  of  a  vortex  is  quantized  in  units  of  the  flux  quantum  $o  defined 
as 

*o  =  £  (66) 

ze 

where  h  and  c  are  the  Planck  constant  and  the  speed  of  light  respectively  and  e  is  the 

elementary  electronic  charge.  When  a  current  is  applied  to  a  type  II  superconductor 

in  the  mixed  state,  there  will  be  dissipation  of  energy  due  to  a  Lorentz  force  acting  on 

each  vortex  flux,  $0,  that  is  threading  the  superconductor.  The  formula  for  the  force 

density  between  the  current  in  the  superconductor  and  the  flux  threading  through  it 

is  given  by188 

F  =  Jx    ^,  (67) 

c 

where  3?o  is  a  vector  in  the  direction  of  the  magnetic  field  B.  Hence,  flux  lines  tend 

to  move  transverse  to  the  current  due  to  this  force.  In  the  absent  of  pinning,  if  the 

flux  lines  move  with  a  constant  velocity  v,  they  essentially  induce  an  electric  field  of 

magnitude 

E  =  $0  x    -,  (68) 

c 
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which  is  parallel  to  J.  This  acts  like  a  resistive  voltage,  and  power  is  dissipated.  From 
the  above  argument,  it  can  be  concluded  that  a  type  II  superconductor  in  the  vortex 
state  will  show  some  resistance  unless  there  is  a  mechanism  that  prevents  the  Lorentz 
force  from  moving  the  vortices.  The  mechanism  that  has  been  found  to  be  effective 
in  preventing  this  is  called  the  "pinning"  force  because  it  pins  the  vortices  to  fixed 
locations  in  the  material  providing  a  counter  balance  to  the  force  described  in  Eq.  67. 
This  pinning  may  result  from  inhomogeniety  of  the  material. 

All  copper-oxide  materials,  including  F^S^CaC^Os,  are  all  type  II  supercon- 
ductors. The  lower  critical  field,  Hc\,  in  F^S^CaC^Os  is  in  the  order  of  60—80 
Gauss.  Therefore,  the  following  scenario  could  explain  the  observed  phenomenon 
of  two  Tc  in  the  samples  we  studied.  When  current  flows  along  the  a  axis,  near  Tc 
the  material  is  close  to  the  mixed  or  vortex  state.  The  external  current  density  will 
generate  a  Lorentz  force  on  thermally  generated  vortex  cores.  The  force  is  along  the 
b  axis.  Then,  the  superlattice  modulation  provides  pinning  centers  for  the  moving 
vortices  and,  hence,  no  resistive  voltage  should  appear  associated  with  the  now  fixed 
vortices.  On  the  other  hand,  when  current  is  along  the  b  axis,  the  vortices  will  move 
within  a  range  of  temperatures  near  Tc  and  there  would  be  a  resistive  voltage  as- 
sociated with  the  flux  flow.  Such  phenomenon  happens  only  for  a  narrow  range  of 
temperature,  below  which  all  the  sample  finally  becomes  superconductor.  As  pointed 
out  by  Wan  et  al.  the  lower  Tc  could  be  the  results  of  a  Kosterlitz-Thouless  disso- 
ciation of  bound  vortex  excitations.  For  this  picture  to  have  some  validity  there  are 
certain  criteria  that  must  be  met  in  the  sample.  The  first  one  is  that  for  the  pinning 
centers  to  be  effective,  their  distances  must  be  on  the  scale  of  Xi  or  £.  Inhomogeni- 
ety on  atomic  scale  or  smaller  will  only  cause  electronic  scattering  which  limits  the 
mean-free  path.  The  period  of  the  superlattice,  which  is  about  25  A,  is  consistent 
with  this  picture.    The  next  point  is  that  this  effect  should  only  occur  in  samples 
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where  the  crystallographic  structure  is  highly  oriented.  Sample  with  some  disorder, 
will  contain  pinning  centers  randomly  oriented  all  over  the  sample.  The  fact  that  we 
did  not  see  this  effect  on  a  second  batch  of  samples  with  a  some  what  poorer  quality 
is  also  consistent  with  this. 

Concluding  Remarks 
In  sum,  we  have  determined  the  anisotropy  in  dc  resistivity  of  BioSroCaCmOs 
single  crystals.  The  results  of  anisotropy  of  the  c  axis  vs.  ab  plane  is  pc/ pab  ~  104 
at  room  temperature.  This  anisotropy  is  even  larger  at  low  temperatures  on  account 
of  the  fact  the  c-axis  resistivity  has  a  semiconducting-like  behavior.  In  addition,  the 
anisotropy  in  theab  plane  is  weak.  The  dc  conductivity  is  lower  along  the  b  axis  of 
the  sample.  This  result  is  in  good  agreement  with  the  observed  anisotropy  in  the  far- 
infrared  conductivity  obtained  on  similar  samples  by  using  polarized  reflectance  in  the 
ab  plane.  A  rather  surprising  result  is  that  the  transition  to  the  superconducting  state 
shows  some  anisotropy  as  well.  It  is  found  the  Tc,  determined  from  the  temperature 
at  which  a  first  measurable  resistance  occurs,  is  higher  when  current  flows  along  either 
the  a  or  c  axis  (2—3  K)  when  compared  to  the  result  of  current  flowing  along  the  b 
axis. 

A  final  comment  that  should  be  made  about  these  results  is  that  if  the  finite 
resistance  that  is  measured  along  the  b  axis,  between  Tca  and  Tcj,  is  due  to  flux-flow 
motion  there  should  be  a  voltage  noise  associated  with  it.203  The  reasoning  is  that  if 
vortices  move  across  a  conductor  of  width  W  with  drift  velocity  v  =  cE/B,  the  voltage 
is  the  sum  of  a  large  number  of  square  pulses  of  duration  r  =  W/v  corresponding 
with  each  individual  vortex.  It  can  be  shown204  that  for  a  rectangular  voltage  pulse 
with  duration  r,  the  rms  noise  is 

(^;>  =  2$o^c(^^)V,  (69) 
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where  Sf  is  the  bandwidth.  Then,  a  model  of  crossing  flux  resistance  will  imply  a 
noise  with  a  cut-off  frequency  around  /  f»  1/r.  Evidence  for  this  noise  has  already 
been  measured  in  low-Tc  samples  made  out  of  Mackay  vanadium  foils.  It  will  be 
an  important  verification  of  crossing  flux  model  to  measure  this  noise  in  the  present 
sample. 


CHAPTER  IX 
CONCLUSIONS 

This  dissertation  has  been  devoted  to  study  the  anisotropy  in  the  infrared,  optical, 
and  transport  properties  of  the  copper-oxide  superconductors.  The  single  crystals  that 
were  studied  and  their  corresponding  critical  temperatures  are  L^CuO,^  (Tc  =  40 
K),  YBa2Cu307_6  (Tc  =  90  K),  and  Bi2Sr2CaCu208  (Tc  =  85  K).  All  these  materials 
show  a  highly  anisotropic  crystal  structure,  which  accounts  for  the  anisotropy  that 
is  observed  in  their  optical  and  transport  properties.  The  feature  common  to  all 
of  these  samples  is  the  presence  of  the  2-dimensional  Cu02  planes  that  (with  the 
appropriate  doping)  provide  the  metallic  behavior  and,  hence,  superconductivity  in 
all  these  samples. 

The  first  level  of  anisotropy  is  for  transport  of  electric  charge  parallel  (ab  plane) 
and  perpendicular  (c  axis)  to  the  Cu02  planes.  The  results  of  the  optical  reflectance 
of  an  oxygen-doped  La2Cu04+^  single  crystal  indicate  that  for  electric  field  parallel 
to  the  c  axis  the  spectrum  is  typical  of  an  insulator.  The  far-infrared  spectrum  is 
dominated  by  a  total  of  four  infrared-active  phonons,  one  more  than  in  the  insulat- 
ing parent  compound.  The  extra  mode  at  492  cm-1  is  a  direct  consequence  of  the 
additional  oxygens  in  the  structure.  This  is  direct  evidence  the  doped-oxygen  atoms 
reside  mostly  in  between  the  Cu02  planes  and  nearby  the  apical-oxygen  atoms.  The 
insulating  behavior  in  the  c-axis  direction  is  in  sharp  contrast  to  the  spectrum  in 
the  ab  plane,  where  metallic  conductivity  is  observed.  Evidence  that  electron-phonon 
interactions  are  important  in  the  study  of  the  optical  properties  of  the  copper-oxide 
materials  is  illustrated  by  showing  a6-plane  reflectance  measurements  obtained  from 
the  La2Cu04+s  single  crystal  when  the  propagation  vector  of  the  light  q  is  parallel 
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and  perpendicular  to  the  c  axis  of  the  sample.  It  this  case,  it  is  found  the  conductivity 
exhibits  structures  in  the  far  infrared  that  are  enhanced  when  q  is  parallel  to  the  c 
axis  and  the  electric  field  vector  is  in  the  basal  plane.  Such  structures  appear  to  be 
the  result  of  interactions  between  the  a6-plane  midinfrared  carriers  and  the  c-axis  LO 
phonons. 

Anisotropy  along  the  two  principal  axes  in  the  ab  plane  was  addressed  by  measur- 
ing the  reflectance  of  single-domain  crystals  of  YBa2Cu30j_^  and  E^S^CaC^Os- 
The  results  indicate  afr-plane  anisotropy  in  the  optical  properties  of  both  systems.  In 
the  normal  state,  the  infrared  conductivity  in  the  YBa2Cu30j_5  single  crystals  is  a 
factor  of  2  larger  along  the  CuO  chain  or  b  axis  in  comparison  with  the  a  axis.  This 
is  in  agreement  with  the  observed  anisotropy  in  the  dc  resistivity  that  has  been  mea- 
sured on  samples  from  the  same  batch.  Likewise,  measurements  on  BioS^CaC^Os 
also  show  anisotropy  along  the  principal  axes  in  the  ab  plane.  In  this  case,  the  in- 
frared conductivity  is  higher  along  the  a  axis  by  about  20  %  in  comparison  with  the 
results  along  the  b  axis.  Similar  at-plane  anisotropy  is  observed  in  the  normal-state 
dc  resistivity  of  similar  samples.  By  contrast,  resistivity  measurements  along  the  c 
axis  of  Bi2Sr2CaCu2  08  single  crystals  indicate  a  semiconducting-like  behavior.  In 
this  case,  the  estimated  anisotropy  between  the  c-axis  and  the  a6-plane  resistivities 
is  pc/pab  ~  104. 

Regarding  the  dynamics  of  the  infrared  conductivity  in  the  ab  plane,  we  find  all 
samples  exhibit  anomalous  behavior.  There  is  indication  the  normal-state  conduc- 
tivity exhibits  a  non-Drude  behavior.  This  is  characterized  by  a  strong  temperature 
dependence  in  the  far  infrared  followed  by  a  much  weaker  temperature  variation  at 
frequencies  in  the  midinfrared.  We  find  that,  if  the  conductivity  is  analyzed  in  the 
frame  work  of  the  two-component  picture,  the  low  frequency  part  can  be  regarded  as 
Drude-like  in  nature  with  a  scattering  rate  that  has  a  linear  variation  in  temperature. 
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This  is  consistent  with  the  linear  temperature  dependence  observed  in  the  dc  resistiv- 
ity. The  coupling  constant  obtained  in  this  analysis,  assuming  the  linear  temperature 
variation  of  the  scattering  rate  is  in  the  high-temperature  limit,  is  in  the  order  of 
A  ~  0.3  —  0.4  in  all  samples. 

The  at-plane  anisotropy  observed  in  the  normal-state  conductivity  of  these  sam- 
ples persists  in  the  superconducting  state  as  well.  In  both,  YBa2Cu307_$  and 
Bi2Sr2CaCu2  08,  the  conductivity  at  low  frequencies  is  a  factor  of  two  larger  along  the 
6-axis  in  the  superconducting  state  in  comparison  with  the  results  along  the  a-axis.  In 
YBa2Cu30j_5,  most  of  this  anisotropy  is  due  to  the  presence  of  the  chains  along  the 
b  axis.  For  Bi2Sr2CaCu2  0s,  this  suggests  two  possibilities.  If  a  one-component  anal- 
ysis is  applied  to  the  measured  <7i(c<;),  the  results  suggest  a  highly  anisotropic  order 
parameter  with  a  two-fold  axis  symmetry  (C2v)  rather  than  a  four-fold  axis  symmetry 
(Civ)  in  this  system.  On  the  other  hand,  a  two-component  analysis  can  explain  these 
results  by  assuming  a  second  midinfrared  component  to  the  optical  conductivity  that 
is  anisotropic. 

Finally,  estimates  of  the  London  penetration  lengths,  from  the  oscillator  strength 
of  the  superfluid-carrier  response,  display  some  interesting  anisotropy  along  the  a 
and  b  axes.  In  YBaoCusOj-g,  the  ratio  in  A^  is  Aa/Aj  ~  1.3.  The  fact  that  \i 
is  lower  along  the  b  axis  (Aj,  ~  1200  A)  suggests  that  the  CuO  chains  can  have  a 
superconducting  response  in  this  compound.  By  contrast,  in  Bi2Sr2CaCu20s  we  find 
Afc/Aa  ~  1.1.  This  suggests  some  elastic  scattering  mechanism  in  the  b  axis  of  the 
crystal  is  resulting  in  some  pair-breaking  effect  that  is  causing  \i  to  be  larger  along 
this  direction  (Aj  ~  2000  A). 


APPENDIX  A 
OPTICAL  STUDY  OF  BEDT-TTF(C104)2 

The  organic  donor  6is(ethylenedithio)  tetrathiafulvalene  (BEDT-TTF),  known 
also  as  the  ET  molecule,  is  the  backbone  of  an  important  group  of  conducting  and 
superconducting  organic  solids.  The  oxidation  and  formation  of  cation-radicals  of  this 
molecule  is  normally  achieved  by  the  incorporation  of  anions  in  a  solidified  structure 
that  give  this  molecule  different  oxidation  states.  An  indication  of  the  considerable 
interest  in  the  BEDT-TTF-based  organic  salts  has  been  the  many  reports  character- 
izing the  properties  of  the  neutral  and  cation-radical  salts  of  this  molecule.  ' 
In  particular,  there  have  been  optical  investigations  of  the  BEDT-TTF-based  organic 
conductors  (oxidation  state  between  0  and  +1)  and  superconducting  analogs  with  a 
formal  charge  of  +  1/2. 172'211-214  Notably,  there  has  not  been  much  work  done  in 
the  synthesis  and  characterization  of  cation-radical  salts  with  oxidation  states  larger 
than  +  1.  This  appendix  is  devoted  to  results  of  an  optical  study  of  a  double  oxidized 
salt  of  BEDT-TTF( C104)o  that  was  prepared  in  the  Chemistry  Department  of  the 
University  of  Florida  by  Professor  D.  Talham  and  co-workers. 

Crystal  Structure  of  the  BEDT-TTFfClO^?  Salt 

A  drawing  of  the  BEDT-TTF2+  molecule  with  the  different  bond  lengths  in  the 
molecule  is  shown  in  Fig.  A-l.  The  two  inner  fulvalene  rings  (formed  by  carbon- 
sulfur  atoms)  are  connected  by  a  central  C=C  bond  (labeled  as  bond  A  in  Fig.  A-l). 
This  central  portion  forms  part  of  the  tetrathiafulvalene  or  TTF  core.  Attached  to 
either  side,  there  are  two  more  rings  composed  of  more  carbon  and  sulfur  atoms.  In 
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addition,  the  molecule  contains  the  CH2  groups  (not  shown)  that  are  connected  to 
both  carbon  sites  C4  and  C5  to  either  side  of  the  molecule.  Structure  and  molecular 
analyses  of  several  ET  salts208,215'216  indicate  the  central  C=C  double  bond  is  the 
most  affected  by  the  oxidation  of  the  molecule  because  the  donated  electronic  charge 
is  taken  from  this  bond.  For  instance,  in  the  oxidized  molecule  the  C=C  double  bond 
becomes  longer,  while  the  C-S  bonds  become  shorter.208 


Fig.  A-l.  Thermal  ellipsoid  sketch  of  BEDT-TTF2+  in  the  salt  BEDT- 
TTF(C104)2.  The  bond  lengths  are  A  =  1.366  A,  B  =  1.731  A,  C  = 
1.743  A,  and  D  =  1.345  A  (After  Ref.  208). 


X-ray  investigations  of  the  crystal  structure  of  the  BEDT-TTF(C104)2  salt  re- 
vealed" that  the  structure  crystallizes  in  the  monoclinic  space  group  P2i  with  unit 
cell  dimensions  a  =  5.867  A,  b  =  9.579  A,  c  =  17.669  A,  and  angle  (3  =  92.06°.  In 
the  structure  shown  in  Fig.  A-2,  the  BEDT-TTF2+  cations  are  surrounded  by  six 
counterions  in  a  distorted  octahedron.  The  relative  orientation  of  the  ET  +  cations  is 
very  similar  to  the  one  reported  for  the  crystal  structure  of  the  neutral  molecule.20  ' 
There  are  pairs  of  ET2+  cations  ordered  with  the  long  axis  nearly  perpendicular  to  the 
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a  axis,  which  is  the  stacking  direction  in  the  salt.  Since  this  is  the  direction  that  pro- 
vides the  closest  intermolecular  contacts  in  the  structure,  the  next  larger  dimension 
in  the  crystal,  the  b  axis,  contains  a  large  projection  of  the  long  axis  of  the  molecule. 
This  will  become  important  in  the  interpretation  of  the  optical  data  that  are  going  to 
be  discussed  later.  The  central  C=C  double  bond,  in  the  double  oxidized  molecule, 
becomes  very  weak  and  it  can  be  regarded  as  a  single  bond  with  a  distance  of  about 
1.439  A.  The  closest  intermolecular  contact  is  through  the  sulfur-sulfur  atoms  with  a 
distance  of  3.621  A. 

Experimental 

Isolation216  of  the  BEDT-TTF(C104)2  salt  was  achieved  by  placing  ~  10  mg  of 
BEDT-TTF  in  one  of  the  two  working  electrodes  of  an  electrochemical  H-cell  with 
a  solvent  mixture  of  10%  CS2  in  CICH2COCI.  A  current  density  of  1  mA/cm2  was 
maintained  between  the  working  electrodes  for  a  period  of  28  days.  After  the  oxidation 
was  completed,  small  and  thin  hexagonal  plates  of  BEDT-TTF(C104)2  were  formed 
that  exhibit  a  blue  tint  in  semitransparent  samples. 

Two  samples  of  large  enough  area  (~  1  x  1  mm2)  were  selected  for  optical  mea- 
surements. Identification  of  the  optical  principal  axes  in  the  (001)  face  was  done 
by  observation  of  the  extinction  point  when  rotating  the  sample  under  an  Olympus 
microscope  (model  BHM)  with  crossed  polarizers.  The  a  and  b  axes  in  the  crystal 
coincide  with  the  directions  of  maximum  optical  anisotropy.  Measurement  of  the 
polarized  reflectance  along  these  two  axes  was  carried  out  in  the  frequency  range  of 
3000—32,000  cm-1  by  using  a  Perkin-Elmer  monochromator.  Mounting  of  the  sample 
was  done  by  fixing  it  on  to  a  frame  with  a  hole  of  ~1  mm  in  diameter.  A  piece  of 
Al-coated  glass  was  mounted  the  same  way  as  the  sample  and  used  as  the  reference. 
The  surface  of  the  sample  was  flat  and  smooth,  giving  a  nearly  specular  reflectance. 
Due  to  the  small  thickness,  the  transmittance  of  one  of  the  samples  was  measured  in 
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Fig.  A-2.  drawing  of  the  crystal  structure  of  the  BEDT-TTF(C104)2  salt 
showing  the  orientation  of  the  ET2+  ions  in  the  crystal  structure  as  de- 
termined from  x-ray  studies  (After  Ref.  216). 

the  far-infrared  and  midinfrared  regions  (100-4000  cm-1)  by  using  the  fast-scanning 
Bruker  IFS-113V  Fourier  interferometer. 


Results  and  Discussion 

Reflectance  Measurements 

Figure  A-3  shows  the  room  temperature  reflectance  parallel  to  the  a  and  b  axes  in 
the  BEDT-TTF(C104)2  salt.   The  spectra  in  the  two  samples  measured  were  nearly 
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Fig.  A-3.   Reflectance  of  the  BEDT-TTF(C104)2  salt  for  polarization  of  the 
light  parallel  to  the  a  and  b  axes. 


identical.    One  observation  about  these  results  is  the  appearance  of  fringes  in  the 

reflectance  for  frequencies  just  below  8000  cm-1,  caused  by  the  very  thin  nature 

of  the  crystal  studied  (~   13.5  /mi).    The  fringes  pattern  occurs  due  to  successive 

constructive  and  destructive  interferences  between  the  beams  reflected  off  the  front 

and  back  surface  of  the  sample.   In  addition,  for  nonabsorbing  materials,  the  index 

of  refraction  (77)  is  purely  real.  In  this  case,  the  spacing  of  the  fringes  is  given  by  the 

formula 

1 


V  = 


2dAv 


where  d  and  Av  are  the  thickness  of  the  sample  and  the  period  of  the  fringes  re- 
spectively.  The  symbols  (square  and  triangles)  shown  in  Fig.  A-3  are  single-bounce 


178 

reflectance  values  calculated  from  the  refractive  index  estimated  from  the  fringes  that 
are  observed  for  frequencies  below  8000  cm-1.  Clearly,  tj  becomes  complex  in  the 
region  where  the  fringes  disappear,  i.e.,  there  is  an  onset  of  absorption  as  evidenced 
by  the  rising  reflectance  most  notably  in  the  direction  of  the  electric  field  parallel 
to  the  b  axis.  It  is  evident  in  Fig.  A-3  there  are,  at  least,  two  bands  that  are  more 
strongly  polarized  along  this  direction.  A  quantitative  analysis  of  the  reflectance  is 
done  by  a  Kramers- Kronig  analysis  and  by  fitting  the  reflectance  (or  e(u))  using  the 
standard  Lorentz  formula: 

A  to2- 

CM  =  £- — f- —  +  e°°<  (A-!) 

,=1      J 


IV?  —  W  —  tUJfj 


where  ujpj,  ujj,  and  ~fj  are  the  oscillator  strength,  center  frequency,  and  scattering  rate 
of  the  j  transition.  Other  higher  frequency  contributions  are  lumped  into  e^.  The 
results  for  the  the  optical  conductivity  obtained  from  the  Kramers-Kronig  analysis 
are  shown  in  Fig.  A-4,  while  the  parameters  obtained  from  a  fit  to  the  reflectance  are 
listed  in  Table  A-l.  In  general,  the  electronic  transitions,  which  appear  as  broad  peaks 
in  the  ai(u>)  spectra,  will  fall  into  two  classes.  On  the  one  hand,  those  at  high  energies 
generally  are  the  results  of  localized-excitation  bands  (LE)  in  the  molecule.  On  the 
other  hand,  transitions  at  lower  energies  that  are  along  the  stacking  direction  will 
in  principle  correspond  to  electronic  transitions  between  cations  or  charge-transfer 
(CT)  bands.  The  results  of  Fig.  A-4  clearly  show  one  electronic  transition  centered 
at  11,625  cm-1  that  is  more  strongly  polarized  along  the  b  axis  (by  a  ratio  of  3:1).  In 
the  structure,  the  long  axis  of  the  ET2+  cations  is  oriented  parallel  to  this  direction 
and  hence  any  net  dipole  moment  would  be  in  the  long  direction  of  the  cations  (see 
Fig.  A-2).  The  fact  that  the  cations  are  oriented  this  way  rules  out  this  transition 
is  a  CT  band,  making  it  most  likely  due  to  a  LE  band.  A  second  transition  of  this 
type  is  also  resolved  at  14,000  cm-1,  although  it  is  of  much  less  intensity.  It  is  clear 
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that  the  energies  and  oscillator  strengths  of  these  localized  excitations  are  related  to 
the  electronic  structure  of  the  compound.  Energetically,  it  will  be  more  favorable  to 
excite  an  electron  within  the  molecule  since  the  high  oxidation  state  of  the  cation 
is  expected  to  reduce  the  number  of  electrons  that  could  make  a  transition  between 
neighboring  cations.  Only  in  the  situation  when  there  are  mixed  valence  states  for 
the  different  ET  cations  in  the  structure,  it  will  possible  to  have  enough  electrons  to 
make  a  transitions  to  neighboring  molecules. 
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Fig.  A-4.  Conductivity  of  the  BEDT-TTF(C104)2  salt  for  polarization  of  the 
light  along  the  a  and  b  axes. 


Regarding  the  assignment  of  transitions  occurring  along  the  a  axis,  such  as  the 
one  at  11,750  cm-1,  there  are  two  considerations  that  should  be  made.  In  first  place, 
this  is  the  stacking  direction  of  the  molecule  in  the  structure.    On  the  other  hand, 
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since  the  structure  is  monoclinic,  there  should  be  a  small  contribution  of  the  c-axis 
direction  as  well.  The  fact  that  the  intensity  is  not  too  strong  weights  against  this  to 
be  a  CT  band  in  the  molecule.  A  more  definite  conclusion  would  require  an  elaborate 
calculation  of  the  energy  levels  in  the  cations.  Finally,  the  band  at  30,000  cm-1,  which 
is  isotropic  in  the  ab  plane  of  the  salt,  is  most  likely  related  to  local  intramolecular 
excitations  (LE). 


Table  A-l.   Parameters  of  a  Lorentz  fit  for  the  measured  R(w)  in  the 
(001)  face  of  BEDT-TTF(C104)2- 


Oscillator^ 

u} 

U>pj 

7i 

(cm"1) 

(cm"1) 

(cm"1) 

E\\b 

1 

11625 

15566 

2283 

2 

13992 

5918 

1813 

3 

31000 

22000 

7500 

Coo  =  3.1 

E\\a 

1 

11810 

6338 

2189 

2 

30430 

14914 

4146 

£oo  =  3.1 

Transmittance  Measurements 

Next,  we  show  in  Fig.  A-5  the  transmittance  in  the  far-infrared  and  midinfrared 
regions  along  the  two  principal  axes  in  the  (001)  face.  Both  spectra  show  a  series  of 
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Fig.  A-5.    Transmittance  of  the  BEDT-TTF(C104)2  salt  for  light  polarized 
along  the  a  and  b  axes. 
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strong  phonon  lines  that  are  due  to  intramolecular  vibrational  modes  of  the  ET~+ 
cations  and  the  (CIO4)-  anions.  No  evidence  of  strong  low-frequency  metallic  be- 
havior is  seen  in  these  spectra.  This  is  not  surprising  since  metallic  transport  is  only 
observed  in  the  ET-based  salt  when  the  oxidation  state  of  the  ET  cations  is  not  an 
integer  number.  A  tabulation  of  the  center  frequencies  and  relative  intensities  (with 
respect  to  the  strongest  band)  of  these  absorptions  is  shown  in  Table  A-2  and  Ta- 
ble A-3  for  the  a  and  b  axes  respectively.  In  principle,  analysis  of  these  frequencies 
could  be  made  by  making  a  comparison  with  the  measured  and  assigned  frequencies 
in  the  phonon  vibrational  spectra  of  the  neutral  ET  molecule  and  the  CIO^"  ion  that 
have  been  reported.172,209'210'214'217  In  the  case  of  the  ClO^  anion  (tetrahedral  point 
group  symmetry)  this  molecule  has  two  infrared  active  modes217  at  620  cm-1  and 
1170  —  1050  cm-1  (both  with  Fo  symmetry).  The  close  correspondence  between  these 
frequencies  and  the  two  isotropic  absorption  lines  in  the  spectra  of  Fig.  A-5  indeed 
suggests  these  two  absorptions  are  due  to  the  CIO4  ions. 

Due  to  the  planar  nature  of  the  central  part,  normal  mode  calcula- 
tions172'209'210'214 of  the  neutral  ET  molecule  usually  assume  the  point  group  symme- 
try is  D2h-  Hence,  there  will  be  symmetric  vibrational  modes,  such  as  Ag,  B\g,  Bog, 
and  Bzg  that  are  Raman  active,  and  the  antisymmetric  B\u,  B2U1  B^u  modes  which 
are  infrared  actives.  Complete  assignment  of  the  frequencies  in  the  ET~+  cation  by 
comparing  them  with  the  observed  phonon  lines  in  the  neutral  ET  molecules  is  ex- 
pected to  be  complicated  for  several  reasons.  In  first  place,  the  plane  of  the  molecule 
in  the  structure  is  not  oriented  along  neither  of  the  principal  axes  that  were  measured 
in  the  crystal.  This  would  explain  the  anisotropy  that  is  seen  in  most  of  the  modes 
associated  the  ET2+  cations.  Secondly,  there  should  be  some  frequency  shifting  of 
the  modes  in  the  oxidized  molecule  due  to  redistribution  of  charge  and  changes  in 
bond  lengths.  Finally,  there  would  be  lifting  of  some  degeneracies  due  to  breaking  of 
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some  inversion  symmetry  in  the  lattice.  In  spite  of  these  difficulties,  some  comparison 
with  the  modes  that  are  expected  to  change  could  provide  a  general  ideal  of  what  is 
happening  in  the  ET"+  cations.  As  it  was  mentioned  before,  the  C=C  central  double 
bond  in  the  oxidized  molecule  is  longer  and  weaker.  Hence,  it  expected  the  resonant 
frequency  associate  with  this  mode  will  be  redshifted.  On  the  other  hand,  modes  as- 
sociated with  the  C— S  bonds  and  CH2  groups  should  not  show  much  change  because 
there  is  only  a  slight  shortening  in  these  bond  lengths  in  the  ET2+  cation. 

Vibrational  frequencies  associated  with  symmetrical  and  antisymmetrical  TTF 
internal  and  external  stretches  of  the  C— S  bonds  in  the  neutral  molecule  have  been 
found  around  507  and  495  cm-1.209  At  least,  we  find  close  correspondence  between 
one  of  these  frequencies  and  a  strong  line  at  506  cm-1  in  the  spectrum  of  Fig.  A-5  . 
This  suggests  this  mode  is  related  to  stretch  vibrations  of  the  carbon-sulfur  atoms. 
Moreover,  the  neutral  molecule  has  symmetric  (Ag)  stretching  of  the  central  C=C 
double  bond  at  1550  and  1494  cm-1.209'210  We  observe  the  spectra  of  Fig.  A-5 
have  strong  absorption  lines  at  1415  and  ~1294  cm-1.  Since  the  central  C=C  bond 
becomes  a  single  bond  in  the  oxidized  molecule,  it  is  expected  the  mode  associated 
with  vibrations  of  this  central  bond  will  be  considerably  redshifted  in  the  oxidized 
molecule.  Hence,  it  is  quite  plausible  these  vibrational  frequencies  are  related  to 
antisymmetric  vibrations  of  this  bond  with  B\u  symmetry.  Other  optical  studies172,214 
of  ET-based  salts  with  oxidation  state  of  1/2+  have  also  shown  a  mode  at  1300 
cm  that  is  associated  with  symmetric  vibrations  of  the  central  C=C  bond.  The 
interpretation  there  has  been  that  the  strong  coupling  of  this  mode  to  the  electronic 
background  renders  it  infrared  active  at  a  substantially  lower  frequency. 

Other  modes  in  the  neutral  molecule  that  involve  stretching  of  the  outer  CH2 
groups  (Bou)  have  been  found  at  2958  cm-1,  which  is  in  agreement  with  the  observed 
frequency  at  2948  cm      in  the  b  axis  and  2958  cm-1  in  the  a  axis  in  the  present  case. 
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Table  A- 2.  Phonon  frequencies  and  relative  in- 
tensity for  electric  field  polarized  along  a 
axis  of  BEDT-TTF(C104)2. 


Freq.  Rel. 

Intensity 

Freq.  Rel. 

Intensity 

(cm"1) 

% 

(cm-1) 

% 

267 

34 

1012 

85 

279 

42 

1041 

99 

367 

50 

1088 

99 

424 

32 

1118 

98 

449 

17 

1184 

82 

473 

22 

1263 

71 

621 

100 

1292 

97 

677 

49 

1323 

98 

800 

65 

1415 

87 

833 

27 

1732 

24 

891 

81 

1955 

19 

912 

59 

2945 

58 

937 

40 

2958 

62 

968 

46 

Concluding  Remarks 
In  conclusion,  we  have  presented  a  room  temperature  optical  study  of  the  BEDT- 
TTF(C104)2  salt.  As  expected,  the  spectra  in  the  far  infrared  and  midinfrared  dis- 
play an  insulating  character  for  this  salt  due  to  the  double  oxidized  state  of  the  ET 
molecule.  Some  of  the  phonon  lines  that  are  seen  in  the  infrared  spectrum  can  be 
attributed  to  either  the  C10^~  anions  or  the  ET2+  cations.  The  results  in  the  near 
infrared  suggest  there  are  two  electronic  transitions,  centered  at  11,600  and  14,000 
cm,  that  are  more  strongly  polarized  along  the  b  axis.    The  fact  that  this  is  the 
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direction  that  contains  a  larger  projection  of  the  long  axis  of  the  molecule  suggests 
these  transitions  are  intramolecular  in  nature.  It  is  also  seen  that  higher  electronic 
transitions  do  not  show  much  anisotropy. 


Table  A-3.  Phonon  frequencies  and  relative 
intensity  for  electric  field  polarized  along 
the  b  axis  of  BEDT-TTF(C104)2. 


Freq. 

Rel.  Intensity 

Freq. 

Rel.  Intensity 

(cm"1) 

% 

(cm"1) 

% 

265 

53 

929 

67 

280 

51 

1012 

79 

357 

35 

1103 

99 

367 

55 

1136 

96 

424 

82 

1184 

97 

461 

20 

1294 

99 

506 

92 

1413 

92 

540 

28 

1798 

44 

621 

100 

1994 

33 

642 

69 

2084 

69 

677 

44 

2580 

49 

800 

43 

2640 

56 

890 

59 

2682 

40 

912 

82 

2948 

72 

APPENDIX  B 
MICROWAVE  CAVITY  APPARATUS 
The  use  of  microwave  radiation  to  probe  the  physical  properties  in  solids  has 
been  an  important  tool  in  studying  the  low-lying  electronic  excitations  in  organic 
metals218'219  as  well  as  in  superconducting  materials.220'221  Since  microwave  tech- 
niques have  been  used  with  great  success  in  the  past  to  probe  the  superconducting 
state  properties  in  conventional  superconductors,188  it  expected  that  such  studies 
will  be  useful  when  performed  in  the  copper-oxide  superconductors.  The  study  of  mi- 
crowave absorption  in  superconductors  poses  great  challenges  from  the  experimental 
point  of  view,  since  it  requires  the  use  of  special  techniques  due  to  the  low  absorption 
these  materials  have  in  the  presence  of  a  microwave  field.220  Normally,  microwave 
cavities  of  very  high  Q- values  are  needed  to  achieve  the  required  sensitivity,  in  addi- 
tion to  a  set-up  that  allows  temperature  dependence  measurements.  This  appendix 
is  devoted  to  a  description  of  a  microwave  apparatus  that  was  built  by  this  author 
in  collaboration  with  Dr.  G.L.  Carr.  The  performance  of  the  apparatus  is  tested  by 
showing  measurements  of  the  microwave  absorption  as  a  function  of  temperature  of 
BioSr2CaCu2  08  single  crystals. 

Experimental  Set-up 

Microwave  Apparatus 

Figure  B-l  shows  a  schematic  of  the  microwave  apparatus.  A  cylindrical  cavity 
made  out  of  oxygen-free  high  conductivity  (OFHC)  copper  was  built  with  inner  di- 
mensions 3.84-cm  diameter  x  2.90-cm  long.  The  cavity  was  actually  fabricated  in 
two  pieces:   the  cylindrical  walls  and  the  bottom  plate  are  all  in  one  piece  and  the 

186 


187 

removable  top  plate.  The  top  plate  had  a  central  hole  that  was  use  for  pumping 
and  insertion  of  the  sample  and  two  coupling  holes  near  the  edge  with  a  90°  angle 
separation  between  them.  The  cavity  was  contained  inside  a  stainless-steel  vacuum 
can,  as  shown  in  Fig.  B-l,  that  was  supported  by  four  stainless-steel  tubes  hanging 
from  the  top  plate  of  the  cryostat  unit.  Three  of  the  four  tubes  extended  inside  the 
vacuum  can  and  provided  support  for  the  cavity  by  being  soldered  on  to  the  three 
holes  of  the  removable  top  plate.  Indium  metal  seals  were  used  so  that  both  the 
cavity  and  the  vacuum  can  were  vacuum  tight.  Cooling  of  the  cavity  was  achieved  by 
placing  the  whole  assembly  inside  a  conventional  liquid  helium  dewar  with  an  outer 
bath  of  liquid  nitrogen.  Control  of  the  cavity  temperature  was  accomplished  using  an 
external  temperature  controller  connected  to  a  Si-diode  sensor  and  heater  attached 
to  the  top  plate  of  the  cavity. 

Coupling  of  the  microwaves  in  and  out  of  the  resonator  was  done  from  the  top 
through  two  adjustable  50-O  cryogenic  coaxial  lines,  each  terminated  in  a  loop.  The 
coupling  to  the  resonator  could  be  changed  by  moving  the  lines  (and  the  loops)  in  and 
out  of  the  resonator.  Operation  of  the  cavity  was  done  in  the  weakly  coupled  mode 
to  achieve  the  maximum  Q  and,  hence,  maximum  sensitivity  without  sacrificing  in 
power  signal  strength. 

Mounting  of  the  sample  was  done  by  attaching  it  on  a  sapphire  rod  using  a  tiny 
dot  of  vacuum  grease.  At  the  same  time,  the  sapphire  was  connected  to  a  long  rod 
that  was  inserted  inside  the  cavity  from  the  top  of  the  cryostat  unit.  The  lengths  of 
the  long  rod  and  piece  of  sapphire  were  cut  so  that  the  sample  attached  to  the  end 
will  lie  right  at  the  center  when  inserted  in  the  cavity.  Uniform  temperature  inside 
the  cavity  (and  sample)  was  ensured  by  keeping  a  He  gas  pressure  of  50  mm  of  Hg 
during  the  cool  down. 
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Fig.  B-l.   Diagram  of  the  apparatus  showing  the  microwave  cavity  with  the 
cryostat. 
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Instrumentation  Control  and  Data  Acquisition 

Figure  B-2  shows  a  block  diagram  of  the  experimental  set  up  that  was  used  for 
data  acquisition.  As  illustrated  in  Fig.  B-2,  the  cavity  was  run  in  transmission  mode. 
The  microwave  signal  that  was  generated  at  the  microwave  source  (Hewlett  Packard 
model  8359-8350A)  was  amplitude  modulated  (AM)  with  an  audio  oscillator  (~  1 
kHz)  and  was  fed  into  the  cavity  through  a  coaxial  line.  A  crystal  diode  detector  was 
connected  at  the  exit  port  that  converted  the  microwave  power  into  a  voltage  signal 
that  was  sent  to  a  lock-in  amplifier  for  phase-sensitive  amplification.  This  amplified 
voltage  was  later  digitized  by  using  a  Keithley  digital  voltimeter  (model  195).  A 
frequency  counter  in  phase-lock  mode  was  used  to  monitor  the  frequency  and  to 
ensure  frequency  stability  in  the  ~  1  kHz  range.  All  instruments,  except  the  lock-in 
amplifier,  were  remotely  controlled  by  a  personal  computer  through  a  IEEE  board. 
The  Q  of  the  cavity  was  determined  in  the  following  way:  The  resonant  frequency  /o 
was  determined  by  finding  the  frequency  at  which  maximum  power  was  transmitted 
through  the  cavity  circuitry.  Then,  a  computer  program  recorded  the  output  power 
at  a  few  frequencies  around  /o  and  the  results  was  stored  in  a  file  that  was  later 
used  to  find  the  full-width  at  half  the  maximum  power  (FWHM)  or  T.  Using  the 
parameter  T,  the  Q  was  determined  from  the  relation  Q=  fo/T.  Figure  B-3  shows  an 
example  of  a  trace  obtained  at  room  temperature  with  the  determined  parameters  by 
doing  a  fit  using  a  standard  Lorentzian  line  shape.  The  measured  room-temperature 
value  for  the  Q  was  ~  10,  500. 

All  measurements  were  done  by  coupling  the  cavity  to  the  TMoio  mode  (transverse 
magnetic  field).  In  this  mode,  the  electric  field  is  uniform  along  the  symmetry  axis  and 
had  maximum  amplitude  at  the  center  of  the  cavity.  This  configuration  is  appropriate 
to  probe  the  microwave  response  for  small  and  needle-like  samples  that  are  centrally 
located  with  the  long  axis  along  the  symmetry  axis  of  the  cavity.    This,  combined 
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Fig.  B-2.  Sketch  of  the  instruments  connection  in  the  experimental  set-up. 
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Fig.  B-3.  Example  of  a  trace  obtained  in  the  experiment  to  determine  the  Q 
and  center  frequency  of  the  cavity. 

with  the  fact  that  the  depolarizing  factor  of  the  sample  is  minimum  in  this  geometry, 
ensured  that  only  the  microwave  properties  in  the  long  axis  were  probed  by  virtue  of 
the  electric  field  being  oriented  along  the  long  dimension  of  the  sample. 

For  a  cylindrical  cavity,  the  resonant  frequency  (/)  for  the  TM0io  mode  is  only 
a  function  of  the  radius  R.  The  formula222  that  relates  these  two  is  /  =  2.504c/ R, 
where  c  is  the  speed  of  light.  Hence,  the  fundamental  TM0io  mode  for  the  present 
cavity  (R  =   1.92  cm)  is  5.95  GHz.     An  initial  run  was  taken  to  test  the  cavity 
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Fig.  B-4.  Plot  of  the  change  of  resonance  frequency  vs.  temperature. 

performance  at  low  temperatures.  Figure  B-4  shows  the  change  of  the  resonance 
frequency  in  the  cavity  as  a  function  of  temperature  between  4.2  K  and  300  K.  The 
increase  in  the  resonance  frequency  that  is  observed  as  the  temperature  is  lowered, 
is  due  to  the  contraction  of  the  cavity  radius.  This  is  corroborated  by  showing  (solid 
line)  a  calculation  of  the  predicted  resonance  frequency  from  the  known""  thermal 
coefficient  of  expansion  for  Cu.  It  should  also  be  noticed  that  below  50—60  K  there 


is  not  much  temperature  dependence. 
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Likewise,  the  Q  of  the  cavity  has  considerable  temperature  dependence  as  well. 
It  goes  from  10,500  at  room  temperature  to  27,000  at  4.2  K.  For  a  cylindrical  cavity 
tuned  in  the  TMqio  the  expected  Q  is  given  by  the  formula""' 


«-sfi£-  (B-1) 


where  L  is  the  cavity  length  and  6C  is  the  skin-depth  penetration  of  the  electromag- 
netic field  in  copper  metal.  This  is  given  by 


\l-^—,  (B-2) 


where  /ic  and  ac  are  the  permeability  and  conductivity  of  copper  respectively  and  u 
is  the  resonance  frequency.  Hence,  any  temperature  dependence  in  Q  is  related  to 
the  temperature  dependence  of  ac.  A  numerical  evaluation  of  Eq.  B-l  (T  =  300A') 
yielded  a  predicted  Qq  in  the  order  of  ~13,500.  Thus,  there  is  a  discrepancy  of 
at  least  20%  with  the  measured  Q.  Although  some  loss  might  occur  as  leakage  at 
the  coupling  holes,  most  of  it  can  be  accounted  for  by  micron-size  imperfections  in 
the  cavity  walls  (such  losses  are  usually  minimized  by  polishing  the  cavity).  At  liquid 
helium  temperature,  where  the  conductivity  of  copper  is  dominated  by  the  anomalous 
skin  effect  (ASE),  the  skin  depth  is  given  by143 


6ASE  =  2.8  x  10"5  (  S?£  ]       ,  (B-3) 


/ 


Hence,  we  find  the  agreement  between  the  predicted  and  measured  Q  is  even  less  40%, 
since  Sj^se  is  much  smaller  compared  to  the  room  temperature  value.  This  makes  the 
microwave  radiation  even  more  susceptible  to  the  imperfections  mentioned  above. 
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The  introduction  of  the  sample  in  the  cavity  will  produce  changes  in  both  the 
resonance  frequency  and  the  Q  or  quality  factor.  In  the  limit  that  the  sample  only 
occupies  a  small  fraction  of  the  cavity  volume  these  changes  are  considered  a  small 
perturbation.  Hence,  we  can  define  a  frequency  shift  that  is  written  as 


f'-f 

6=J—-±,  (B-4) 


/ 


and  the  loss  or  absorption  by  the  sample 


A  «£)=£-£■  (B-5) 


where  primed  and  unprimed  refer  to  parameters  measured  with  and  without  the 
sample  respectively.  In  low-loss  materials  A  [  A  J  ~   0. 

Given  the  parameters  of  the  cavity  with  and  without  the  sample,  it  is  possible 
to  estimate  the  conductivity  by  considering  the  sample  will  only  cause  a  small  per- 
turbation to  the  electric  field  in  the  cavity.  For  example,  in  the  limit  Vs/V  <C  1  it  is 
possible  to  define  a  filling  factor  a  as 


V.E 
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Q 


s     0,max 


2JV|£0|W 


(B-6) 


where  Eq  ma  is  the  maximum  unperturbed  electric  field  at  the  sample  site  and  Vs  and 
V  are  the  sample  and  cavity  volumes  respectively.  The  integral  in  Eq.  B-6  depends 
on  the  configuration  of  the  electric  field  inside  the  cavity.  It  can  be  shown"  that  for 
a  cylindrical  cavity  tuned  in  the  TMqio  mode  the  filling  factor  is  just  a  ~  l.S6Vs/V. 
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Cohen  et  al.  and  Ong224  derived  expressions  for  the  conductivity  of  a  needle- 
like spheroid  in  the  skin-depth  regime,  i.e.,  when  the  electric  field  does  not  penetrate 
completely  in  the  sample.  The  formulae  are 


a     j  a    1 


A  _  9e07r&  (  a\2    ju3^0 


2         64a    \NZJ    V   2cri  ' 
where 

NMnt  (-j[ln(2a/b-l],  (B-9) 

is  the  depolarizing  factor  of  a  needle-like  spheroid,  a  is  defined  in  Eq.  B-6,  b  and  a 
are  the  short  and  long  principal  axes  and  //o  and  eo  are  the  vacuum  permeability  and 
permittivity.  The  conductivity  of  the  sample  is  denoted  a\.  It  was  shown  by  Ong224 
that  in  a  highly  conducting  sample  the  depolarizing  factor  can  be  independently 
obtained  from 

Nexp  =  ^,  (B-10) 

where  8  and  a  are  defined  in  Eq.  B-4  and  Eq.  B-6  respectively. 

These  equations  were  initially  tested  using  different  pieces  of  copper  wire  alloy 
(radius  ~  .06  mm) as  the  sample  to  determine  their  applicability  in  the  present  set- 
up. Table  B-l  shows  a  summary  of  the  results.  There  is  good  agreement  between 
the  depolarization  factor  Nth  obtained  from  Eq.  B-9  and  the  one  obtained  from  the 
frequency  shift  in  Eq.  B-10.  A  comparison  of  the  conductivity  obtained  from  Eq.  B-S 
with  the  direct  dc  value  (a^  ~  1.4  x  106(f2  -  m)_1)  gives  an  uncertainty  in  the 
order  of  5—15%.  It  is  noted  that  the  experimental  value  is  somewhat  smaller.  This 
is  consistent  with  the  fact  that  sharp  edges  on  the  right  cylinder  enhance  the  losses 
compared  to  a  true  spheroid.219    Nonetheless,  Eq.  B-8  appears  to  give  an  adequate 
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Table  B-2.  Conductivity  of  different  pieces  of  copper  wires 
using  the  microwave  cavity  perturbation  method  in  the 
skin-depth  regime. 

Length      a(^J  6  a         Neip        Ntfc        a(n-m)-1 

(cm)  10-6        10-3      1(T6     1Q-3       1Q-3  106 


0.50 

5.24 

1.85 

3.50 

1.89 

2.17 

.5 

0.70 

9.64 

4.04 

4.91 

1.21 

1.22 

.95 

0.80 

26.9 

6.99 

5.60 

.802 

.996 

.82 

0.90 

52.9 

1.07 

6.31 

.590 

.778 

.91 

description  of  the  cavity  perturbation  in  the  skin-depth  regime.  The  differences  in 
shape  between  an  spheroid  of  revolution  and  a  right  cylinder  do  not  appear  to  be  of 
major  importance. 

Results  for  BioSroCaCuoOs  Single  Crystal 

This  section  will  discuss  results  and  the  analysis  of  data  taken  on  a 
Bi2Sr2CaCu2  08  sample  in  the  frame  work  of  the  cavity  perturbation  method.  The 
results  for  l/Q  vs.  T  (TM010  mode)  for  the  empty  cavity  (but  with  the  sapphire  rod) 
and  with  a  rectangular  Bi2Sr2CaCu20s  sample  (Tc  ~  85K)  are  shown  in  Fig.  B-5. 
The  sample  dimensions  (length- width-thickness)  were  3.6  x  0.60  x  0.02mm3.  It  were 
estimated  from  these  numbers  the  sample  was  in  the  skin-depth  regime. 

The  data  in  Fig.  B-5  show  there  is  higher  absorption  (low  Q-value)  when  the 
sample  is  inserted  in  the  cavity.  This  happens  for  temperatures  above  the  transition 
temperature.  Below  Tc,  both  curves  merge  together  signaling  the  sample  has  entered 
the  superconducting  state.  This  marked  reduction  in  the  absorption  is  due  to  the  fact 
that  when  a  superconductor  is  cooled  below  Tc,  most  electrons  condense  into  pairs. 
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Fig.  B-5.  The  loss  (1/Q)  for  the  cavity  with  and  without  Bi2Sr2CaCu208 
sample  as  a  function  of  temperature  (microwave  electric  field  in  the  ab 
plane). 


This  is  possible  since  the  pairs  are  effective  in  shielding  the  applied  fields  causing  a 
reduced  penetration  inside  the  sample. 

Visible  in  Fig.  B-5  is  that  just  below  Tc,  the  loss  due  to  the  sample  appears  to 
be  smaller  than  the  loss  of  the  empty  cavity.  This  was  reproducible  in  two  samples 
that  were  measured.  This  can  be  explained  by  noticing  that  the  resonant  frequencies 
in  both  set  of  data  are  not  quite  the  same.  The  Bi2Sr2CaCu20s  sample  was  cut  in 
a  reasonable  size  as  to  produce  a  measurable  change  in  the  Q  when  the  sample  was 
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inserted  in  the  cavity.  It  turned  out  the  change  in  the  resonant  frequency  (in  the  order 
of  7.7  MHz)  was  large  enough  to  show  differences  in  the  absorption  due  to  the  cavity 
walls,  specially  in  the  temperature  range  where  the  sample  became  superconducting. 
In  this  respect,  a  true  "background"  would  have  been  to  measure  the  Q  of  the  cavity 
at  the  same  frequency  as  it  was  measured  with  the  sample  inside.  Since  this  was 
not  done,  the  microwave  resistivity  data  (obtained  from  Eq.  B-8  by  replacing  the 
factor  -Kb  for  the  cross  sectional  perimeter  of  the  rectangle  width+thickness)  that 
are  shown  in  Fig.  B-6  can  be  considered  as  a  lower  bound  for  the  BioSroCaCu^Os 
sample  that  was  measured.  These  numbers  show  a  good  agreement  with  the  reported 
resistivities  in  the  literature.13  The  temperature  dependence  in  p  vs.  T  shows  a  linear 
variation,  within  the  systematic  uncertainty  in  the  data  that  was  due  to  error  in 
determining  the  parameters  of  the  cavity  with  and  without  the  sample  at  exactly  the 
same  temperature. 

Summary 
In  sum,  the  technique  discussed  above  can  be  applied  to  study  the  microwave 
power  absorption  in  the  high-Tc  superconductors.  The  sensitivity  in  this  set-up  is 
adequate  to  measure  the  absorption  above  Tc.  For  measurements  below  Tc,  there  are 
a  couple  of  improvements  that  could  be  made  to  increase  the  sensitivity.  In  first  place, 
the  substitution  method  can  be  applied  to  account  for  the  frequency  dependence  in  the 
absorption  of  the  cavity  wall.  Secondly,  since  the  sensitivity  is  ultimately  dominated 
by  the  Q-value  of  the  cavity,  a  substantial  improvement  is  possible  by  operating  the 
cavity  at  4.2  K  and  having  the  inner  wall  coated  with  a  material  such  as  Pb  or  Nb 
that  is  superconducting  at  this  temperature.  Then,  the  sample  temperature  could  be 
controlled  by  thermally  isolate  the  sapphire  rod  from  the  cavity  walls  and  installing 
a  small  heater  and  a  second  thermometer  nearby. 
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Fig.   B-6.      Microwave  resistivity   (1/cr)   at   5.95   GHz  in  the    ab  plane  of 
Bi2Sr2CaCu90"8  crystal. 
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